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Abstract 
The role of T and Tbx6 in gastrulation and determination of left/right asymmetry 
Daniel Concepcion 
 
T and Tbx6 belong to the T-box family of transcription factors.  T homozygous null 
mutants lack posterior somites after the seventh pair, have no distinguishable 
notochord, have a convoluted neural tube and die at E.10.5.  In this study we 
investigate the phenotype of a dominant negative allele of T, TWis. Like homozygous 
embryos carrying the null allele of T, TWis homozygous mutants have left/right 
asymmetry defects.  We demonstrate that left/right specific genes Cer2, Nodal, and 
Gdf1 are not expressed in TWis mutants and that the Notch signaling pathway, a 
pathway necessary for expression of left/right specific genes, is severely perturbed.    
We find, through the use of confocal and scanning electron microscopy, that TWis 
homozygous mutants have severe node morphological defects.  Molecular analysis 
shows that TWis mutants have altered expression of the genes Shh, Foxa2 and Gsc, that 
not only mark structures of the midline and node, but whose expression is essential for 
the formation and patterning of these structures.      
 
Tbx6 homozygous null mutants have enlarged tail buds and ectopic neural tubes in 
place of posterior somites.  Tbx6 homozygous null mutants also have irregular 
development of anterior somites and left/right asymmetry defects that lead to 
randomization of heart looping. In this study we made use of a microarray to find 
transcriptional regulators that are potentially directly regulated by Tbx6 in order to find 
  
genes that govern the establishment of presomitic mesoderm identity.  Tbx6 
homozygous mutant embryos were used to investigate how Tbx6 affects multiple 
processes in the establishment of left-right asymmetry, which include node and node 
cilia development and the expression of genes necessary for nodal signal transduction 
from the perinodal region to the left lateral plate mesoderm (LPM).  We saw that the 
expression of transcription factors involved in node and node cilia development and 
genes involved in the non-canonical Wnt signaling pathway are not affected in Tbx6 
homozygous mutants.  We also examined whether the left-right asymmetry defects in 
Tbx6 homozygous mutants are due to a role for Tbx6 to directly regulate the perinodal 
expression of Gdf1.  We show that perinodal expression of Gdf1 is lost in Tbx6 
homozygous mutants at the stage in which Gdf1 is hypothesized to help shuttle Nodal 
from the perinodal region to the left lateral plate mesoderm.  We saw that Tbx6 does not 
regulate expression of Gdf1 through putative binding sites located in its promoter region 
and did not detect a genetic interaction between the two genes in determining left/right 
asymmetry. Finally we saw that addition of a transgene that expresses Gdf1 in Tbx6 
homozygous mutants leads to rescue of asymmetric expression of Pitx2 in the left LPM.       
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Mouse embryonic development from conception to the primitive streak 
stage  
 
 Mouse embryological development commences when the sperm fertilizes the 
oocyte.  At the cleavage stage, cells of the embryo divide and begin to compact to form 
the morula.  Restriction of developmental potential and the formation of a fluid filled 
cavity, the blastocoel, mark the blastocyst stage.  The blastocyst has three distinct 
populations of cells: the inner cell mass (ICM), located on the inside of the embryo, 
gives rise to the embryo proper, and trophectoderm gives rise to the extraembryonic 
portion of the embryo (Rossant and Pedersen, 1988; Arnold and Robertson, 2009).  
Cells of the ICM situated next to the blastocoel are known as the primitive endoderm, 
and cells located between the polar trophectoderm and the primitive endoderm make up 
the epiblast.  The primitive endoderm gives rise to the extraembryonic visceral and 
parietal endoderm of the visceral and parietal yolk sac surrounding the embryo.  Cells of 
the epiblast proliferate rapidly into the blastocoel cavity.  They will give rise to the 
ectoderm, mesoderm, definitive endoderm and extraembryonic mesoderm through the 
process of gastrulation (Gardner and Rossant, 1979; Gardner, 1982; Arnold and 
Robertson, 2009; Nowotschin and Hadjantonakis, 2010). 
        Gastrulation begins at embryonic day (E) 6.5 and is the process by which the 
three germ layers, ectoderm, mesoderm and definitive endoderm, are formed.  
Gastrulation is characterized by an extensive series of coordinated morphogenetic 
movements that result in the establishment of the primitive body plan.  Different cell 
populations, before and throughout gastrulation, as marked by gene expression or 
morphology, act as embryonic organizers to pattern the embryo.   
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 The formation of the primitive streak, in the area of the epiblast adjacent to the 
embryonic/extraembryonic junction, marks the beginning of gastrulation and is the first 
morphological indication of the primary anterior/posterior axis.  Epiblast cells migrate or 
delaminate through the streak to arise as a new layer of mesoderm.  Though molecular 
factors that govern the development of the primitive streak are largely unknown, findings 
point to secreted factors, Wnt3 and Nodal, and Smad2 as necessary for the proper 
positioning and formation of the primitive streak (Conlon et al., 1994; Waldrip et al., 
1998; Liu et al., 1999; Arnold and Robertson, 2009).           
The visceral endoderm of the prestreak embryo is molecularly heterogeneous 
along the anterior/posterior axis. The cells that make up the anterior visceral endoderm 
(AVE) are identified in the distal tip of the embryo by the expression of Hesx1 and Hhex.  
These cells are hypothesized to migrate proximally and form the AVE (Thomas and 
Beddington, 1996; Thomas et al., 1998; Nowotschin and Hadjantonakis, 2010). The 
AVE is hypothesized to restrict the activity of signals produced at the primitive streak to 
the posterior side of the embryo.  Cells of the AVE express TGF-beta antagonists, Cer1 
and Lefty1 (Perea-Gomez et al., 2001). The AVE has been previously hypothesized to 
be the embryonic organizer of the head process, however transplantation studies show 
that the AVE does not induce axis formation by itself.  The AVE acts as a modulator in 
combination with other gastrula organizers to pattern the early streak embryo (Tam and 
Steiner, 1999; Robb and Tam, 2004; Arnold and Robertson, 2009).   
In the posterior epiblast at the anterior end of the primitive streak is a group of 
cells known as the early gastrula organizer (EGO).   The EGO was identified by a series 
of transplantation experiments, mutational analyses and expression studies of Foxa2 
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and Lhx1 (Tam et al., 1997; Kinder et al., 1999; Kinder et al., 2001). EGO cells, as 
characterized in transplantation experiments, can induce secondary axis formation that 
can give rise to the floor plate, axial and paraxial mesoderm, and endoderm; however, 
cells do not contribute to anterior neural structures (Beddington, 1994; Tam et al., 1997).  
Lineage tracing experiments show that epiblast cells anterior and lateral to the EGO 
contribute to the anterior axial mesoderm (Kinder et al., 2001).  Thus the organizing 
activity of the EGO does not encompass all the cells at the streak stage that pattern the 
embryo. As the embryo develops, the EGO gets incorporated into the anterior end of 
the primitive streak and lineage tracing studies demonstrate that cells that make up the 
axial mesoderm arise from the anterior end of the EGO (Kinder et al., 2001).   
 The midstreak stage embryo is marked by the extension of the primitive streak 
towards the distal tip and the maturation of the EGO into the mid-gastrula organizer 
(MGO) at the anterior end of the primitive streak.  Like the EGO, the MGO was 
identified by gene expression and transplantation experiments.  The MGO expresses a 
large set of genes associated with organizer activity such as Foxa2, required for axial 
mesoderm, and Brachyury (T), Noggin and Chordin, required for notochord 
development (Camus and Tam, 1999; Bachiller et al., 2000; Davidson and Tam, 2000; 
Arnold and Robertson, 2009).  The cells of the MGO can induce a secondary embryonic 
axis with both anterior and posterior characteristics and cell lineage studies show that it 
contains precursor cells that will give rise to most of the notochord and anterior axial 
mesoderm (Kinder et al., 2001).   
 The embryonic node arises from the anterior end of the primitive streak at the 
distal tip of the late streak embryo.  Unlike both the EGO and MGO, the node is a 
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morphologically identifiable gastrula organizer.  It is an epithelial bilaminar structure 
derived from epiblast cells.  The dorsal layer is made up of ectoderm and the indented 
ventral layer is made up of compact definitive endoderm.  Fate mapping studies indicate 
that at the midstreak stage, cells that make up the node arise from the MGO 
(Beddington and Robertson, 1999). Transplantation studies show that cells of the 
embryonic node induce an embryonic axis that lacks anterior structures (Beddington, 
1994). The contribution the node makes to anterior/posterior patterning has not been 
fully investigated.  Ablation studies show that embryos lacking a node have 
dorsal/ventral and left/right patterning defects (Davidson et al., 1999).  Foxa2 
homozygous null mutants do not have a morphologically distinct node; however, these 
mutants have mostly normal patterning of the anterior/posterior axis as well as neural 
tube formation (Ang and Rossant, 1994).  The correct development of the 
anterior/posterior axis despite the loss of the node suggests that the EGO and MGO at 
earlier stages provided the necessary signals to pattern the anterior/posterior axis of the 
embryo (Robb and Tam, 2004; Arnold and Robertson, 2009).        
 
Establishment of left-right asymmetry 
 About twelve hours after the streak stage, at the early head fold stage the 
embryo is bilaterally symmetrical.  This bilateral symmetry is broken when gene 
expression patterns begin to show asymmetric expression in the perinodal region.  
Incorrect establishment of left-right asymmetry can lead to congenital cardiac 
malformations, vascular anomalies and serious health problems in the adult mouse, as 
well as in humans (Peeters and Devriendt, 2006).  A number of mutations have been 
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discovered that result in complete reversal of laterality (situs inversus), bilateral 
development of either the left or right side (isomerism), or randomization of the situs of 
different organs (heterotaxia). The study of mouse mutants has led to the hypothesis 
that the determination of left-right asymmetry involves two main steps. The first is the 
initial breaking of bilateral symmetry by the generation of an asymmetric signal at the 
embryonic node (Figure 1A).  The second is the transfer of the asymmetric perinodal 
signal to the left lateral plate mesoderm (LPM) where it initiates the expression of the 
gene Nodal (Figure 1B).  Nodal governs developmental processes that lead to 
asymmetric development of organ systems (Hamada et al., 2002; Raya and Izpisua 
Belmonte, 2004; Shiratori and Hamada, 2006; Takaoka et al., 2007).  
The cells of the embryonic node contain motile monocilia that are essential to the 
establishment of left/right asymmetry. Previous work demonstrates these cilia beat 
rotationally in a clockwise direction when viewed from the posterior/ventral aspect of the 
embryo.  Because they have a posterior tilt with respect to the anterior/posterior axis of 
the embryo, the nodal cilia create a directional flow of extracellular fluid which leads to 
asymmetric perinodal expression of Nodal (Figure 1A) (Nonaka et al., 1998; Okada et 
al., 1999; Takeda et al., 1999; Nonaka et al., 2005; Okada et al., 2005).  
Currently there are two models that explain how nodal flow establishes left/right 
asymmetry: the morphogen gradient model and the two-cilia model.  The morphogen 
gradient model postulates that an extracellular morphogen is released from microvilli on 
the surface of nodal cells, packaged in membrane bound vesicles and then transported 
by the nodal flow to the left side of the embryo where they liberate the morphogens and 
activate Ca2+ signaling. Retinoic acid and Sonic Hedgehog may act as morphogens in 
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the node as both are secreted molecules that are expressed in the node.  Both Retinoic 
acid and Sonic Hedgehod are also necessary for correct establishment of left/right 
asymmetry (Hamada et al., 2002; Tanaka et al., 2005). Presently, however, there is no 
evidence to support asymmetric Hedgehog signaling in the mouse embryonic node and 
Retinoic Acid seems to be necessary for the expression of Lefty1 at the midline after 
asymmetric perinodal signaling is established.  It is therefore hypothesized that Shh and 
Retinoic Acid are acting to maintain the midline after the asymmetric signal generated at 
the node is transferred to the left LPM (Zhang et al., 2001; Hamada et al., 2002; 
Schlueter and Brand, 2007).  The two-cilia model proposes that the flow generated by 
motile cilia is sensed by mechanosensory cilia at the periphery of the node. The 
mechanosensory cilia induce an increase in intracellular Ca2+ on one side of the 
periphery of the node, which then causes a succession of asymmetric gene expression 
events (McGrath et al., 2003).  Support for this model comes from the mutant analysis 
of Pkd2, a protein that stimulates an increase in intracellular calcium in response to fluid 
flow in the kidney (Nauli et al., 2003).  Pkd2 mutants have bilateral expression of 
asymmetric genetic markers such as Lefty1, Lefty2, and Pitx2, while mice with 
mutations in cilia motility genes show a randomization of laterality markers (McGrath et 
al., 2003; Nauli et al., 2003). Recently it was shown that Pkd2 is required specifically in 
the perinodal crown cells for sensing nodal flow and activating intracellular Ca2+ 
signaling.   Embryos that had rescue of Pkd2 expression specifically in the crown cells 
of the node had correct asymmetric expression of left/right specific genes.  The study 
also demonstrated that embryos that only contain cilia in the crown cells of the node 
and in which flow is restored artificially have correct asymmetric expression of Pitx2 
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(Yoshiba et al., 2012). These results provide strong evidence for the two-cilia model of 
establishment of left/right asymmetry.    
Homozygous embryos with a mutation for inversus viscerum or iv have left/right 
situs inversus.  The iv gene codes for left-right dynein, an essential component of cilia 
motility.  The iv homozygous mutants do not generate an asymmetric flow of extra 
cellular fluid at the node and this leads to randomization of asymmetrically expressed 
genes in the LPM (Supp et al., 1997).  Homozygous mutants for genes necessary for 
node ciliogenesis, kif3a, kif3b, and Polaris (Ift88) also show heterotaxia and situs 
inversus.  The Polaris gene codes for a protein involved in both cilia assembly and 
intraflageller transport (Murcia et al., 2000).  Through these analyses it is clear that 
node cilia play an essential role in generation of the asymmetric signal in the node.          
The asymmetric signal generated at the node leads to left perinodal expression 
of Nodal.  Gdf1 and Cer2 regulate the perinodal activity of Nodal.  Nodal signaling is 
transferred to the left lateral plate mesoderm, where it regulates expression of Lefty2 
and Pitx2 in the left LPM. Lefty 2 acts as a negative regulators of Nodal in the left LPM 
and Pitx2 directs heart looping direction (Figure 1) (Collignon et al., 1996; Lowe et al., 
1996; Lowe et al., 2001; Brennan et al., 2002b; Saijoh et al., 2003a).   
Gdf1 is a member of the TGF beta family of proteins and is expressed bilaterally 
in the perinodal region and LPM between E8.0 and E8.5 (Figure 1A).  Homozygous 
mutants carrying a null mutation of Gdf1 do not express Nodal in the lateral plate 
mesoderm and show heterotaxia and situs inversus (Rankin et al., 2000).  Previous 
studies demonstrate that perinodal Gdf1 perinodal expression is essential for the left 
LPM expression of Nodal.  Gdf1 is hypothesized to bind and enhance the activity of 
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Nodal protein as well as shuttle Nodal from the perinodal region to the left LPM (Tanaka 
et al., 2007). 
   On the other hand, in addition to promoting Nodal activity on the left side, Cer2 
acts as a Nodal antagonist to limit Nodal activity on the right side of the perinodal region.  
At the early headfold stage, Cer2 is asymmetrically expressed in the perinodal region 
with higher expression on the right side.  The fluid flow generated by node cilia initiates 
asymmetric decay of Cer2 mRNA on the left side of the perinodal region (Figure 1A).  
The asymmetric perinodal expression of Cer2 is maintained by Wnt3-Cer2 interlinked 
feedback loops in which Wnt3 promotes the degradation of Cer2 mRNA on the left side 
of the node and Cer2 inhibits Wnt3 on the right side of the node (Nakamura et al., 2012). 
 There are several cell signaling pathways that impinge on perinodal signaling.  
The canonical Notch and Wnt signaling pathways regulate perinodal expression of 
Nodal.  Homozygous Dll1 mutants have randomized situs and do not express Nodal in 
the perinodal region.  Dll1 homozygous null mutants also do not express Nodal, Lefty2, 
and Pitx2 in the left lateral plate mesoderm.  Previous studies have demonstrated that 
Wnt3 is necessary for asymmetric expression of Cer2.  Homozygous mutant embryos 
carrying a null mutation of the canonical Wnt ligand, Wnt3a, have randomized laterality 
of organs and show a decrease in perinodal and lateral plate mesoderm expression of 
Nodal.  Wnt3a homozygous mutants also show a decrease in Dll1 expression in the 
perinodal region, which has been hypothesized to account for the observed decrease in 
perinodal Nodal expression (Nakaya et al., 2005b).  
 Fgf8 is a member of the fibroblast growth factor signaling family.  Homozygous 
null mutants for Fgf8 do not undergo gastrulation as cells ingress through the primitive 
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streak but fail to migrate (Sun et al., 1999).  Fgf8 hypomorphic mutants display a 
variable hypomorphic phenotype.  Embryos have a wide range of developmental 
abnormalities, which include defects in neural development, cardiac malformations and 
failure of posterior development.  Fgf8 hypomorphs also have left-right asymmetry 
defects and do not express Nodal in the perinodal region.  Thus, Fgf8 functions to 
regulate perinodal expression of Nodal (Meyers et al., 1998; Meyers and Martin, 1999).  
 Recent findings have shown that definitive endoderm gap junction mediated 
signaling plays a role in determination of left/right asymmetry.  Sox17 homozygous 
mutants have an irregular expression pattern of Nodal in the LPM and show an absence 
of Pitx2 expression in the left lateral plate mesoderm.  They also have definitive 
endoderm defects, which includes the absence of Cx43, a protein necessary for gap-
junction-mediated signal transfer.  Normal embryos that are cultured in media that 
inhibit signaling through gap junctions do not express Lefty1 and Lefty 2 in the midline 
and left LPM respectively (Viotti et al., 2012).  Previous studies have focused on the 
idea that Nodal is physically shuttled to the left LPM; these studies provide an alternate 
to the secreted model, in which the asymmetric signal generated at the node is 
transferred through the endoderm to the left LPM (Viotti et al., 2012).                
      
Axial elongation and somitogenesis 
Between E8.0 and E9.5, the mouse embryo establishes left/right asymmetry and 
continues to elongate its anterior/posterior axis.  The cells of the epiblast continue to 
ingress through the regressing primitive streak.  The embryo then undergoes the 
process of turning, reversing its previous topography such that the ectoderm is now on 
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the outside and the definitive endoderm is on the inside and enveloping itself in its 
embryonic and extraembryonic membranes.  Prior to and during this period, paraxial 
mesoderm is undergoing a mesenchymal to epithelial transition and differentiates into 
paired epithelized blocks called somites.  At E10.0 the primitive streak is replaced by a 
population of mesodermal cells at the distal tip of the tailbud.  The tail bud gives rise to 
neural tube, notochord, gut endoderm, somitic and lateral mesoderm tissue of the tail 
region as axis elongation continues.  Therefore, the tail bud is hypothesized to be a late 
gastrula organizer that patterns the posterior structures of the embryo (Tam, 1984; Tam 
and Beddington, 1992).  Though the tail bud organizer properties of the mouse embryo 
have not been characterized, experiments in zebrafish point to an organizer in the tail 
bud that can induce ectopic tail formation of its host with the requirement of BMP, Wnt, 
and Nodal signaling (Agathon et al., 2003).  The tail bud of the mouse embryo also 
expresses components of the BMP and Wnt signaling pathway along with others such 
as Fgf and Noggin, which are critical for organizing the streak stage embryo.  The 
ventral ectodermal ridge of the embryonic tailbud has been shown to be a source of 
BMP and Fgf signaling that is critical for the viability and proliferation of tail bud 
mesenchyme (Goldman et al., 2000).   It is hypothesized that Noggin may act as a BMP 
antagonist, similar to the EGO to pattern the tissues that arise from the tailbud (Robb 
and Tam, 2004).   
Somitogenesis occurs between E8.0 and E14.5.  New somites develop 
periodically in a cranial to caudal manner.  Somite segmentation relies on a molecular 
oscillator called the segmentation clock, which describes the oscillating rhythmic 
expression of genes in the presomitic mesoderm (PSM).  Many of these cyclically 
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expressed genes are linked to the Notch signaling pathway and play a role in the 
anterior/posterior patterning of somites.  The dynamic temporal and spatial expression 
sequence of these genes is described in three phases of expression: phase 1, gene 
expression is localized to the caudal end of the PSM, phase 2 describes broad 
expression in the middle region of the PSM, and phase 3 is discrete gene expression in 
structures about to undergo segmentation (Pourquié and Tam, 2001).  
 Somites can be divided into different regions along the dorsal/ventral axis:  the 
dermatome provides cells that make up the dermis of the trunk and tail and the 
sclerotome provides precursors to the vertebrae and ribs, the myotome gives rise to the 
muscles of the vertebrae, back, body wall and limbs (Brand-Saberi and Christ, 2000). 
Studies of Hoxc8 homozygous mutants show homeotic transformation of posterior 
somites to give rise to anterior structures (Le Mouellic et al., 1992).  This suggests that 
Hox genes help to specify the anterior/posterior identities of somites.  The neural tube 
and notochord provide patterning signals for the dorsal/ventral identity of somites.  
Removal of the neural tube from embryos causes a defect in axial muscle development 
(Christ et al., 1992).  Shh signaling, which first arises from the notochord, also plays a 
role in the dorsal/ventral patterning of somites (Rong et al., 1992; Borycki et al., 1998).  
   
T-box genes in early mesoderm development and somitogenesis 
 
T-box proteins are a family of transcription factors defined by a common DNA 
binding motif (Agulnik et al., 1996).  Orthologs of T-box genes among vertebrates have 
highly conserved expression patterns as well as functions. Study of both spontaneous 
and induced mutations has led to the conclusion that T-box genes act as regulators of 
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development and differentiation for a large range of tissues and organs (Papaioannou, 
2001; Naiche et al., 2005).   
The earliest characterized developmental role for T-box genes is that of 
Eomesodermin (Eomes) in the development of the trophectoderm and mesoderm 
formation.  Eomes is first expressed in the trophectoderm at E3.5 and later on at E5.0 in 
the extra embryonic ectoderm.  At the start of gastrulation, at E5.75, Eomes is 
expressed in the extra embryonic ectoderm and primitive streak and later in the 
primitive streak, mesodermal wings and chorionic ectoderm.  Homozygous null mutants 
for Eomes arrest at the blastocyst stage and trophectoderm does not differentiate into 
trophoblast.  Chimeric rescue mutant embryos that avoid the trophectoderm defect fail 
to develop mesoderm (Russ et al., 2000).  
Brachyury (T) is first expressed in the epiblast in the prestreak embryo and, as 
the embryo develops, expression is in the primitive streak and the embryonic node.  T 
plays a major role in the development of posterior structures.    Mice heterozygous for a 
T null allele are viable and fertile but have shortened tails; homozygous embryos lack 
posterior somites after the seventh pair, have no distinguishable notochord, have a 
convoluted neural tube and die at midgestation (Gruneberg, 1958; Beddington et al., 
1992).  T homozygous null mutants also have left/right asymmetry defects (King et al., 
1998).     
Tbx6 is first expressed in the primitive streak.  As the embryo develops, Tbx6 
expression is localized to the presomitic mesoderm and later, the tailbud. Tbx6 
homozygous null mutants have enlarged tail buds and ectopic neural tubes in place of 
posterior somites.  Tbx6 homozygous null mutants also have irregular development of 
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anterior somites and left/right asymmetry defects that lead to randomization of heart 
looping.  Work with a hypomorphic allele of Tbx6 reveals a role in anterior/posterior 
somite patterning (Chapman et al., 1996; Chapman and Papaioannou, 1998; Watabe-
Rudolph et al., 2002; Hadjantonakis et al., 2008).  
Several other T-box genes are segmentally expressed in the somites and 
presomitic mesoderm.  Tbx18 and Tbx22 are closely related members of the Tbx1 
subfamily.  Both Tbx18 and Tbx22 have overlapping expression in the presomitic 
mesoderm and somites (Bush et al., 2002; Farin et al., 2007).  However, only Tbx18 
homozygous mutants show defects in maintenance of anterior/posterior polarity of the 
somites (Bussen et al., 2004).  Tbx18 has been hypothesized to repress Dll1 and 
Uncx4.1 in anterior somites downstream of Mesp2 and Notch signaling (Bussen et al., 
2004; Farin et al., 2007).     
The mechanism by which the T-box genes, T and Tbx6 affect determination of 
left/right asymmetry is still unknown. In this study we investigated the role of T in 
determination of left/right asymmetry by characterizing the defects of a dominant 
negative allele of T, TWis. We looked at the expression of left/right specific genes and 
node morphology in TWis mutants to determine how T normally functions to regulate 
determination of left/right asymmetry.  We investigated whether T also plays a role in 
specifying structures of the midline in addition to the notochord.   
Tbx6 affects determination of left/right asymmetry, establishing mesoderm 
identity of presomitic mesoderm and somite patterning.  We investigated the function of 
Tbx6 in determination of left/right asymmetry by looking at the expression of 
transcription factors necessary for node and node cilia formation, components of non-
  
14 
canonical Wnt signaling pathway, and a component of the Nodal signal transduction 
pathway, Gdf1 in Tbx6 homozygous null mutants.  We investigated the role of Tbx6 in 
presomitic mesoderm by looking for possible direct targets for Tbx6 and then 
characterizing their expression in Tbx6 homozygous mutants.  Investigation of these 
two related factors elucidated multiple roles for these two genes during gastrulation and 

































Figure 1: Model for molecular establishment of left/right asymmetry 
A. Cer2 is asymmetrically expressed in the perinodal region with higher expression on the right 
side.  Cer2 right asymmetric perinodal expression directs asymmetric left perinodal expression 
of Nodal.  Gdf1 is bilaterally expressed in the perinodal region. B. Nodal is shuttled from the 
perinodal region to the left lateral plate mesoderm where it regulates expression of itself, Pitx2 















The embryonic node is a transient structure present between E7.5 and E9.5.  
Lineage tracing studies demonstrate that the node arises from cells of the anterior 
portion of the primitive streak (Kinder et al., 2001).  The node is located at the anterior 
end of the primitive streak and is made up of a bilayer of epithelial cells.  The node gives 
rise to the notochord and floor plate and is an essential structure in the correct 
establishment of left/right asymmetry (Tam and Beddington, 1987; Hamada et al., 2002). 
The ventral node cells contain motile monocilia located at the posterior pole of each cell.  
These cilia beat in a clockwise direction to create a flow of extracellular fluid from the 
right side of the node to the left.  The correct position, morphology and motility of these 
cilia are all essential to create a unidirectional flow of extra cellular fluid (Watanabe et al., 
2003).  This flow directs the asymmetric expression of genes in the perinodal region 
such as the TGF-beta family member Nodal, and its antagonist Cer2 (Nakamura et al., 
2012), which creates an asymmetric cascade of gene expression that leads to 
asymmetric organogenesis (Saijoh et al., 2003b; Nakamura et al., 2012).   
Brachyury (T) was the first T-box gene identified in mice (Dobrovolskaia-
Zavadskaia, 1927).   It is first expressed in the epiblast in the prestreak embryo and, as 
the embryo develops, is expressed later in the primitive streak and embryonic node.  
Mice heterozygous for a T null allele are viable and fertile but have shortened tails; 
homozygous embryos lack posterior somites after the seventh pair, have no 
distinguishable notochord, have a convoluted neural tube and die between E10.5 and 
E11.5 (Gruneberg, 1958; Beddington et al., 1992).  T homozygous null embryos also 
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have severe left/right asymmetry defects.  Embryos show ventral heart looping defects 
and lack of expression of Nodal at stages when the gene is normally expressed in the 
perinodal region and left lateral plate mesoderm (LPM).  There is abnormal expression of 
Lefty-1, a marker of the left floor plate, and Lefty-2, a marker of the left LPM. 
Homozygous T mutants also have defects in both node and neural tube formation 
(Beddington et al., 1992; King et al., 1998).  However in T mutants, node cilia have not 
been examined and the expression of genes necessary for the development of the node 
and its derivatives is unknown.   
 TWis is a spontaneous mutation of T that comprises an insertion of a transposon- 
like element into the 3’ end of the seventh exon.  The insertion creates a mutated splice 
site that results in the loss of wild type T mRNA.  TWis produces transcripts that bypass 
the mutated exon 7 splice site but contain the T-box binding domain.  Mutant proteins 
are hypothesized to compete with wild type T for DNA binding sites thus producing a 
dominant negative phenotype that is more severe than the null allele (Goldin and 
Papaioannou, 2003).  TWis heterozygous mice have no tails and homozygous mutant 
embryos, have no notochord and lack all somites (Shedlovsky et al., 1988).  In TWis 
homozygous mutants, precursors of the notochord are present, as seen by double 
labeling experiments with T antibody and Shh. However, precursor cells do not survive 
and no distinguishable notochord is formed, as seen by the lack of Shh expression in 
the midline at the 9-somite stage.  The lack of a notochord leads to neural tube defects.  
TWis homozygous mutants die between E10.5 and E11.5 (Shedlovsky et al., 1988; 
Conlon et al., 1995).  The morphology of the node and node cilia and the left/right 
asymmetry phenotype of TWis mutants have not been previously characterized. 
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   In this study we investigated the left/right asymmetry phenotype of the TWis 
homozygous mutant including the expression of left/right specific genes as well as 
components of the Wnt and Notch signaling pathways.    We also examined the node 
and its derivatives in TWis homozygous mutants.   
 
Results  
Heart looping and embryo turning defects in TWis /TWis mutants at E9.5-E10.5 
To investigate left/right asymmetry defects, we crossed TWis heterozygotes, 
collected embryos between E9.5 and E10.5 and determined the direction of heart 
looping and embryo turning. Homozygous TWis mutant embryos are evident by a severe 
axial elongation defect that results in a loss of posterior structures. Analysis of heart 
looping in +/+ and TWis/+ embryos, showed that 98% of embryos (97/99) undergo 
dextral looping, the normal asymmetric process in which the inflow and outflow tract are 
on the left and right side of the embryo, respectively, and the ventricles are 
perpendicular to the rostral/caudal axis (Table 1; Figure 1A,B).  Ninety seven percent of 
wild type embryos (90/93) showed normal leftward direction of embryo turning, which 
results in the asymmetric placement of the placenta and tail on the right side of the 
embryo and vitelline vessels exiting to the left side of the embryo (Table 1; Figure 1K).   
As the heterozygous embryos are included in the wild type category, these results 
indicate that TWis/+ embryos do not have a left/right asymmetry defect and thus can be 
referred to as wild type for the purpose of this study.  
Among TWis/TWis embryos, 6% (2/32) showed normal dextral looping (Table1; 
Figure 1C,D); 13% (4/32) had dextral/ventral looped hearts (Table1; Figure 1E,F), in 
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which there is correct placement of the inflow and outflow tracts while the right and left 
ventricles are aligned on the rostral-caudal rather than the left-right axis.  Three TWis/TWis 
mutants (9%) showed hearts that were ventrally looped, in which the ventricles as well 
as the inflow and outflow tracts aligned on the rostral-caudal axis (Table 1) and 22% 
(7/32) showed sinestral/ventral looped hearts, where the right-left position of the inflow 
and outflow tract was reversed (Table 1; Figure 1G,H).  In 50% of TWis homozygous 
mutants we observed sinestral looped or “J” shaped hearts (Table 1; Figure 1I,J), which 
indicates a complete reversal of heart looping.  
 Among TWis/TWis mutants, 52% (12/23) showed reversal of embryo turning in 
which the placenta was located on the left side of the embryo and vitelline vessels exited 
from the right side of the embryo (Table 1 Figure 1L).  Among embryos that were scored 
for both heart looping and embryo turning, 97% (90/93) of wild type embryos and 17% 
(4/23) of TWis/TWis mutants showed normal heart looping and embryo turning while 43% 
(10/23) of mutants showed situs inversus, in which both the direction of heart looping 
and embryo turning were reversed, and 39% (9/23) showed heterotaxia, in which the 
direction of heart looping did not correlate with direction of embryo turning (Table 1).  
TWis/TWis mutants therefore have an increased incidence of situs inversus and 
heterotaxia compared with wild type embryos.  
 
Expression of left/right-specific genes in wild type and TWis/TWis mutants at E8.0-
E8.5  
Nodal is first expressed in the perinodal region in wild type embryos (n=12) at 
E8.0 and by the 3-somite stage is seen in the perinodal region, with higher expression on 
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the left, and in the left LPM (Figure 2A,B) (Brennan et al., 2002b).  TWis/TWis mutant 
embryos show a complete absence of nodal expression at comparable stages (n=5; 
Figure 2C,D).  Gdf1, a Nodal agonist, is expressed bilaterally in the perinodal region at 
E8.0, as well as bilaterally in the LPM in wild type embryos (n=8; Figure 2E,F) (Rankin et 
al., 2000).  In TWis/TWis mutant embryos, Gdf1 expression is absent in the perinodal 
region; however, bilateral LPM expression is maintained (n=5; Figure 2G,H).  Cer2, a 
Nodal antagonist, shows bilateral perinodal expression in wild type embryos at E8.0 with 
higher expression on the right side (n=8; Figure 2I, J) (Nakamura et al., 2012).  In 
TWis/TWis mutant embryos there is no expression of Cer2 (n=6; Figure 2K, L).  Pitx2, a 
downstream target of Nodal, is asymmetrically expressed in the left LPM and regulates 
the direction of heart looping; its expression is used as a molecular readout for correct 
establishment of left/right asymmetry. In wild type embryos at E8.5, Pitx2 expression is 
observed in the left inflow tract of the heart, as well as the head folds (n=11; Figure 2M, 
N) (Lin et al., 1999).  In TWis/TWis mutants, Pitx2 expression is present in the head folds 
but absent from the left inflow tract (n=5; Figure 2O,P).  These findings indicate that the 
Nodal signal transduction pathway is severely perturbed in TWis/TWis mutants.  
 
Characterization of the node of wild type and TWis homozygous mutants at E8.0  
  To detect differences in node morphology between TWis mutants and wild type 
embryos, we used scanning electron microscopy (SEM) and immunofluorescence with 
confocal microscopy at E.8. By SEM, wild type embryonic nodes (n=6) appear oval 
shaped at the early headfold stage (EHF) (Figure 3A) and shield shaped at the late 
headfold stage (LHF) (Figure 3B).  The nodes have a distinct border distinguishing the 
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smaller, cobblestone-like node cells from the larger surrounding endoderm cells.  
Monocilia are present on the node cells (Figure 3A,B insets).  Three out of four nodes of 
TWis homozygous mutants lacked a distinct border and cells of all mutant nodes were 
less distinct, lacking the cobblestone appearance, and less regular in size than in wild 
type embryos. Normal appearing cilia were present (Figure 3C,D insets) as confirmed by 
confocal microscopy and immunofluorescence with antibodies against acetylated tubulin, 
a marker of tubulin and node cilia (Figure 3E).  However, wild type embryos contained a 
significantly larger number of nodal cilia on average (138 ± 22) than TWis homozygous 
mutants (35 ± 8 cilia) as measured by a Mann Whitney U non-parametric statistical test 
(p=0.009).   
The size of the node at the headfold stage was estimated in two ways.  From 
confocal z-stacks of embryos stained with antibodies against acetylated tubulin and ZO1, 
a gap junction marker, the surface area was estimated by first identifying the node as a 
bilaminar epithelial cell structure second, measuring the xy length of the bilayer in each 
optical section, third, multiplying by the interval step of the z-stack and finally, summing 
all the resulting areas.  In two of the five TWis homozygous mutants no defined embryonic 
node could be identified and were counted as zero (Figure 3A).  TWis homozygous 
mutants had a significantly smaller node surface area (n=5) than wild type embryos 
(n=6) as measured by a Mann Whitney U test (p <.01, Figure 3A).  A second approach to 
calculate surface area was to measure it directly from the SEM pictures.  Wild type 
nodes have a significantly greater surface area (n=6, 4001μm2 ± 324μm2) than TWis 
homozygous mutants (n=4, 1307 μm2 ± 440μm2) as measured by a Mann Whitney U test 
(p <.01).   
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Expression of midline markers in wild type and TWis homozygous mutants at E8.0  
To determine whether the morphological abnormalities of the node in TWis 
homozygous mutants affect node derivatives, we looked at the expression of genes at 
E8.0 that mark the node and tissues known to arise from the node. Foxa2 marks the 
prospective floor plate and the node in wild type embryos (Figure 4A,B) (Kinder et al., 
2001).  Expression was not detected in the floorplate in TWis homozygous mutants (n=4), 
but was present in the node at the distal tip of the embryo at a lower level than wild type 
controls (Figure 4C,D). Shh is expressed in the prechordal plate, notochordal plate and 
embryonic node in wild type embryos (Figure 4E,F) (Jeong and Epstein, 2003). No Shh 
expression was observed in three TWis homozygous mutants (Figure 4G,H), whereas a 
fourth showed Shh expression in the prechordal plate, but not in the rest of the midline 
or the node (data not shown). Gsc, which is expressed in the anterior foregut endoderm, 
prechordal plate and midline neuroectoderm, in both wild type and TWis homozygous 
mutants (n=4) (Chu et al., 2005).  However Gsc is expressed at a lower level in TWis 
homozygous mutants (n=4) when compared to wild type controls (Figure 4I-L).  
  
Expression of components of the canonical Wnt and Notch signaling pathways in 
wild type and TWis homozygous mutants at E8.0 
 TWis/TWis mutants lack expression of Nodal as well as other genes involved in the 
Nodal signal transduction pathway (Figure 2).  Therefore an upstream regulator of these 
genes may be affected in TWis/TWis mutants. The canonical Wnt signaling pathway 
regulates perinodal expression of Nodal by regulating Notch signaling (Nakaya et al., 
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2005a).  Mutations in Notch signaling components lead to a loss of perinodal Nodal 
expression (Krebs et al., 2003b). 
  In wild type embryos at E8.0, Wnt3a is expressed throughout the primitive 
streak (n=5, Figure 5A-C) (Nakaya et al., 2005a).  Stage matched TWis/TWis mutants 
showed no difference compared to their wild type littermates (n=5; Figure 5D-F).  Dll1 is 
an essential ligand in the Notch pathway and in wild type embryos at E8.0 is expressed 
in the primitive streak and the presomitic mesoderm (n=5; Figure 5G-I) (Krebs et al., 
2003a).  Stage matched TWis/TWis mutant embryos show an absence of Dll1 expression 
in most of the presomitic mesoderm while maintaining some level of bilateral Dll1 
expression at the distal tip of the embryo (n=5; Figure 5J-L).  
 
Discussion 
Previous studies with the T homozygous null embryos showed that they have 
left-right asymmetry defects including in heart looping and do not show any specific 
expression of Nodal in the perinodal region or left LPM.  Homozygous mutants of T also 
do not express Lefty1 in the floorplate or Lefty2 in the left LPM (King et al., 1998).  T 
homozygous mutants also have defects in node morphology as seen under light 
microscopy (Beddington et al., 1992; Conlon et al., 1995; King et al., 1998).  Work with 
homozygous mutants that contain the dominant negative allele of T, TWis, shows that 
mutants do not develop a notochord, a derivative of the node, and fail to express Shh, a 
marker of the notochord and ventral neural tube, at nine somites (Beddington et al., 
1992; Conlon et al., 1995).      
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Our study of the left-right asymmetry defect of TWis homozygous mutants 
confirms and extends how T plays a role in determination of left/right asymmetry. Like T, 
homozygous TWis mutants have morphological left/right asymmetry defects and TWis 
heterozygous embryos did not show any left/right asymmetry defects.  The TWis allele 
does not seem to be acting as a dominant negative allele in determination of left/right 
asymmetry as heterozygous embryos show no left/right asymmetry defects. TWis 
heterozygous embryos may still have enough functional T protein to correctly establish 
left/right asymmetry.   Unlike the T null, we observed instances of dextral and sinestral 
looped hearts in TWis homozygous mutants most likely due to a larger sample size within 
a wider developmental range than in the previous study (King et al., 1998).  TWis 
homozygous mutants have no expression of Nodal, Cer2, and Gdf1 in the perinodal 
region. As asymmetric left LPM expression of Nodal is dependent on Cer2 and Gdf1 
perinodal expression and Nodal regulates the expression of other asymmetrically 
expressed genes such as Pitx2 in the left LPM and left inflow tract, the loss of perinodal 
expression of Nodal, Cer2 and Gdf1 explains why TWis homozygous mutants have no 
expression of Pitx2 in the left inflow tract.   
In our study TWis homozygous mutants showed severe node morphological 
defects that range from lack of a distinguishable node to a smaller node with defects in 
cellular morphology and organization.  In addition, TWis/TWis mutant nodes have fewer 
cilia.  The expression pattern of markers for the midline, Shh, Foxa2 and Gsc, is altered 
in TWis homozygous mutants. Shh expression is lost at E8.0 in TWis homozygous mutants, 
which agrees with previous work (Conlon et al., 1995).  TWis homozygous mutants do not 
express Foxa2 in the prospective floor plate and have reduced expression in the node. T 
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is therefore regulating the expression of Foxa2 in these areas at E8.0.  Both TWis and 
Foxa2 homozygous mutants have node morphology defects and fail to form a notochord 
(Kinder et al., 2001).  Foxa2 also regulates Shh expression in the notochord and floor 
plate (Jeong and Epstein, 2003).  At the early streak stage both T and Foxa2 are 
expressed in precursors of the mouse organizer located at the posterior end of the 
epiblast (Beddington et al., 1992; Ang and Rossant, 1994).  T may directly regulate the 
expression of Foxa2 at the early streak stage. Defects in TWis homozygous mutant node 
morphological could be a result of a loss of Foxa2 expression at the early streak stage, 
which would lead to a patterning defect of node precursor cells.  A detailed expression 
analysis of Foxa2 at the streak stages in TWis homozygous mutants would address this 
issue.  Chimera experiments show that cells that do not have any T protein do not 
ingress through the primitive streak and accumulate at the midline (Wilson et al., 1993).  
Thus an alternative explanation for TWis homozygous mutants not expressing Foxa2 is 
that posterior epiblast cells have problems migrating away from the primitive streak.    
A previous study suggested that precursor cells of the node are unaffected in 
TWis homozygous mutants as Gsc expression is not affected at the early streak stage 
(Conlon et al., 1995).  However, since Gsc homozygous null mutants have no node or 
midline defects (Rivera-Pérez et al., 1995) its gene expression is not an accurate 
marker for assessing whether or not node precursors cells are affected in TWis 
homozygous mutants.  Along with investigation of Foxa2 expression in TWis homozygous 
mutants at streak stages, expression of other genes necessary for node and notochord 
formation and specification such as Noto and Chordin, would address whether T 
regulates the formation and differentiation of precursors of the node.  
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We investigated the expression of genes involved in cell signaling pathways 
known to regulate perinodaly-expressed genes.  Expression of the canonical Wnt 
signaling pathway gene, Wnt3a, is unaffected in TWis homozygous mutants.  This result 
agrees with published work which show Wnt3a acting upstream of T (Hofmann et al., 
2004a). Expression of Dll1, a co-receptor of the Notch signaling pathway, was absent 
from the primitive streak, posterior end of the embryo and node in TWis homozygous 
mutants, while some bilateral expression was still observed in the distal tip.  This loss of 
Dll1 in is in agreement with a previous study that reports that canonical Wnt signaling 
and T-box genes such as T and Tbx6 cooperate to regulate the Notch signaling 
pathway during development (Hofmann et al., 2004a).  The alteration in Dll1 expression 
may account for the defects observed in TWis homozygous mutants.  Dll1 homozygous 
mutant embryos show no expression of Nodal in the perinodal region.  Mutants also 
have node and notochord morphological defects along with improper pattering of the 
floorplate.  The morphological defects in Dll1 mutant embryos are hypothesized to be 
the cause of the observed left/right asymmetry phenotype (Przemeck et al., 2003). 
Further investigation would clarify whether T regulates other components of the Notch 
signaling pathway such as Notch 1, which has an overlapping expression with T in the 
primitive streak and the node.  Investigating if Notch signaling is involved in regulating 
the expression of Foxa2, and Chordin at early streak stages would address how it may 
function with T to pattern the node and its derivatives.  Our observations agree with 
previous work and provide a more detailed analysis of the specific morphological and 




Materials and Methods 
Mice and embryo collection  
The TWis mutant allele (Shedlovsky et al., 1988) was maintained on a mixed 
genetic background including A/J, C57,129 and ICR (Taconic).  TWis heterozygous mice, 
which are viable and fertile, were mated together to obtain +/+, TWis/+, and TWis/TWis 
embryos between E8.0-E9.5  (E0.5 denotes noon of the day a vaginal plug was 
observed). Embryos were removed from the uterus and dissected out of the decidua 
leaving the yolk sac and placenta intact. Placement of the tail, placenta and vitelline 
vessels was recorded.  The yolk sac was then removed and heart morphology and the 
direction of heart looping was recorded.    At E8.0-E8.5, TWis/TWis mutant embryos were 
identified based on the lack of an allantois.  At E9.5-E10.5 TWis/TWis mutant embryos 
were identified based on axial truncation defects. TWis/+ and +/+ embryos were 
indistinguishable at this early age and were considered together as wild type controls.  
Wild type embryos were staged by somite number and TWis/TWis mutant embryos were 
staged by morphology of the head. 
 
 In situ hybridization 
Embryos were dissected in phosphate buffered saline (PBS) containing 0.2% 
albumin bovine serum (Sigma), fixed overnight in 4% paraformaldehyde (PFA) in PBS 
at 4°C, dehydrated in 100% methanol and stored at -20°C.  Whole mount in situ 
hybridization using antisense RNA probes was performed as described previously 




Immunofluorescence and confocal microscopy 
Embryos were dissected in PBS and fixed in fresh prechilled (4°C) PBS with 
0.5% PFA overnight at 4°C. Embryos were blocked in cold 1% BSA and 10% goat 
serum (heat inactivated and filtered, 22µM), 0.5 Triton X-100 (Sigma) in PBS from 45 
min to overnight at 4°C. Primary antibody incubation was carried out in 1% BSA, 2% 
Goat serum and 0.5% Triton X-100 in PBS overnight at 4°C.  Embryos were incubated 
in secondary antibody in 1% BSA, 2% Goat serum, and 0.5% Triton X-100 in PBS 
overnight at 4°C.  Embryos were mounted in vectashield (Vector Labs) between two 
coverslips in a well cut out from several layers of electrical tape.  ZO1 (Zymed) was 
used at a 1:200 and mouse anti-acetylated tubulin (Invitrogen) was used at a 
concentration of 1:400.    
Embryos were imaged using a Nikon A1RMP two-photon microscope.  Optical z 
sections of mounted embryos were taken at .5μm intervals using a Nikon 25x/1.1NA 
water immersion objective.  Optical sections were compiled into z-stacks for individual 
embryos.  NIS-elements AR 4.0 software was used for acquisition and analysis of z-
stacks.  Surface area analysis was done using ImageJ (http://rsbweb.nih.gov/ij/).   
 
Scanning Electron Microscopy 
Embryos were dissected in prechilled PBS with 0.05% Triton X-100 (Fisher) and 
fixed in 2.5% PFA, 2.5% gluteraldehyde in 0.075M sodium cacodylate buffer, pH 7.4 
(Scanning Electron Microscopy Sciences) rocking overnight at 4°C.  Embryos are 
placed in 100% ethanol for critical point drying using a Denton JCP-1 critical point dryer.  
Critical point dried embryos are placed on a piece of carbon tape and plated with 
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Gold/Palladium in a Denton Vacuum 1V Sputter/Dryer.  Embryos are then imaged on a 
Zeiss Field Emission Scanning Electron microscope Supra 25.       
   
















1Wildtype includes both +/+ and TWis/+ embryos.    
  Direction of Heart Looping Embryo Turning Situs 
  N Dextral Dextral/ventral Ventral 
Sinestral/
ventral Sinestral N Normal  Reversed  N Normal Inversus Heterotaxia 
Genotype                           
Wild type1 99 97 (98%) 0 0 0 2 (2%) 93 
90 
(97%) 3 (3%) 93 90 (97%) 1 (1%) 2 (2%) 
TWis/TWis 32 2 (6%) 4 (13%) 3 (9%) 7 (22%) 16 (50%) 23 11 (48%) 12 (52%) 23 4 (17%) 
10 






Figure 2: Heart looping and embryo turning in TWis/TWis mutant and wild type embryos at E9.5 
A-J. Left and frontal views of head and heart of E9.5 embryos showing a wild type dextral 
looped heart (A, B) and TWis/TWis mutant embryos with a dextral looped heart (C, D), 
dextral/ventral looped heart (E, F), sinestral/ventral looped heart (G, H), and sinestral looped 
heart (I, J).  Yellow “C” in panel B indicates dextral heart looping and orange “J” in panel J 
indicates sinestral heart looping.   K, L. Frontal view of embryos within the yolk sac with the 
placenta attached. The wild type embryo (K) has turned toward its right side; vitelline vessels 
exit on the embryo’s left side and the placenta is on the right side.  In the TWis/TWis mutant 
embryo the vitelline vessels exit the embryo on the right side and placenta is on the left (L). PL, 






Figure 3: Expression of left/right specific genes in TWis/TWis mutant and wild type embryos at 
E8.0 
A-L. Left lateral and ventral views of wild type (A-F, I,J) and TWis /TWis (C-H, K,L) embryos 
showing the expression of Nodal in the perinodal region and left LPM in wild types (A,B), and no 
expression in TWis /TWis (C,D);  Gdf1 bilateral expression in the perinodal region and LPM of wild 
types (E,F), and only bilaterally in the LPM of TWis /TWis mutants, and  and Cer2 bilateral perinodal 
expression in wild types (I,J) and no expression in TWis /TWis mutants (K,L).  Black arrowheads 
indicate LPM and black arrows indicate the perinodal region. M-P. Frontal views of Pitx2 
expression in the head folds and left inflow tract in wild type embryos (M,N) and in the head folds 
in TWis /TWis mutants (O,P).  Pitx2 expression on the right side of TWis /TWis mutants is specific to 
the yolk sac remnants still attached to the embryo and absent from the left inflow tract.  Red 
arrows indicate left inflow tract and red arrowheads indicate Pitx2 expression in the head folds.  








Figure 4: Confocal and scanning electron microscopy of TWis/TWis mutant and wild type embryos 
at E8.0 
A-D. Scanning electron microscopy of the embryonic node in wild type (A,B) at early headfold 
(A) and LHF (B) stage and TWis/TWis mutants at early and late head fold stages (C,D).  The left 
inset of each panel corresponds to a ventral view of the embryo at 300X magnification.  The 
right inset of each panel is an image of cilia found in the corresponding node taken at 3300X. 
Yellow box indicates magnified area in the right inset.  E. Optical slice of a wild type and 
TWis/TWis mutant node stained for acetylated tubulin (red) and zona occludens 1 (green).  Dotted 
line indicates the xy length of the bilaminar node taken to estimate the surface area of the node.  
White arrowheads indicate cilia.  Scatter plot shows the distribution of node surface areas.  
Circles indicate early head fold stage embryos and triangles are late head fold.  Double 
asterisks represent a statistically significant difference between the two populations calculated 
by a Mann-Whitney U test.      





Figure 5: Markers of the node and midline in TWis/TWis mutant and wild type embryos at E8.0 
A-D. Left lateral and ventral views of wild type (A,B) and TWis/TWis mutant (C,D) embryos showing expression of Foxa2 by RNA in situ 
hybridization.  Wild type embryos express Foxa2 in the midline and node and TWis/TWis mutant embryos show no midline expression.  
E-H. Left lateral and frontal views of wild type (E, F) and TWis/TWis mutant embryos (G, H) demonstrating expression of Shh in the 
node and midline of wild type embryos which is lacking in mutant embryos. I-L.  Left lateral and frontal views of wild type embryos (I, 
J) and TWis/TWis mutant embryos (K, L) showing Gsc expression in the anterior foregut endoderm and prechordal plate in wild type 







Figure 6: Expression of Wnt3a and Dll1 in TWis/TWis mutant and wild type embryos at E8.0 
A-F. Left lateral, posterior, and ventral views of the distal tip of wild type (A-C) and TWis /TWis 
embryos (D-F) showing similar Wnt3a expression throughout the entire primitive streak (double 
arrows); arrowheads point to the node.  G-L Left lateral, posterior, and ventral views of Dll1 
expression in the presomitic mesoderm in wild type embryos (G-I) and in the perinodal region of  
TWis /TWis mutants but reduced expression in the PSM (J-L).  Arrows indicate Dll1 expression 
arrowheads indicate the node.  Abbreviations: AL is allantois and Hf is headfolds. 
 







Chapter 3: Search for Tbx6 targets 
 
Introduction 
Tbx6 establishes the neural vs. mesoderm identity of presomitic mesoderm 
(PSM) and has a role in patterning the somites. Tbx6 homozygous null mutants die 
around E9.5.  They have two ectopic neural tubes in place of posterior somites, 
patterning defects in anterior somites and an enlarged tail bud (Chapman et al., 1996; 
Chapman and Papaioannou, 1998). Homozygous mutants for a hypomoprhic allele of 
Tbx6 rib-vertebrae, Tbx6rv, show a disruption of anterior-posterior polarization of 
somites, as seen by altered expression of Pax1 and Mox1, which affects the 
morphogenesis of axial skeleton (Nacke et al., 2000). Study of homozygous Tbx6rv 
mutants demonstrated that Tbx6 affects somite patterning and segmentation by 
regulating the Notch signaling pathway component, Dll1.  Tbx6 also directly regulates 
Msgn1 and Mesp2, two genes essential to somite patterning (Hofmann et al., 2004a; 
Oginuma et al., 2008; Yasuhiko et al., 2008).  How Tbx6 is regulating the neural vs 
mesoderm identity of the PSM and somite patterning is still an unanswered question.  
Recently it was discovered that the ectopic neural tube phenotype observed in 
Tbx6 homozygous mutants is due to the ectopic expression of Sox2, a gene essential 
for neural differentiation, in presomitic mesoderm.  The work shows that Tbx6 is a 
negative regulator for Sox2 in the presomitic mesoderm via an enhancer named N1.  
Tbx6 homozygous mutants that were also homozygous mutant for the N1 enhancer, 
ΔN1, of Sox2 failed to develop ectopic neural tubes (Takemoto et al., 2011).   
A microarray was conducted in order to investigate the functions of Tbx6.  Pure 
populations of tail bud mesoderm were isolated from E9.5 embryos of three genotypes, 




Tbx6rv/Tbx6tm2Pa, in order to find gene targets of Tbx6 relevant to the different 
phenotypes. The tail buds were cut off with a micro scalpel approximately one half 
somite’s length distal to the most recently formed somite, in the case of wild type and 
Tbx6rv/Tbx6 tm2Pa compound heterozygous embryos, or at the start of the enlarged tail 
bud in null mutants.  The tail buds were incubated in 2.5% pancreatin, 0.25% trypsin, 
and 0.05% polyvinylpyrrolidone for 5 minutes at 4o C.   The ectoderm and neural plate 
as well as any ventral tissue including gut were removed by dissection with solid glass 
needles.  RNA was extracted from the remaining presomitic mesoderm. Three 
independent pools of tail buds of each genotype were used for the microarray analysis.  
RNA was extracted and followed by cDNA synthesis and hybridization to Affymetric 
GeneChips (Hadjantonakis, A. –K., Begum, S., and Papaioannou, V.E., unpublished). 
Previously identified direct targets of Tbx6, such as Dll1, Msgn and Mesp2, were down 
regulated in the homozygous null expression profile compared with wild type, while 
Wnt3a and Sox2, which are ectopically expressed in the tail bud of Tbx6 homozygous 
mutants were up regulated in Tbx6 homozygous null expression profile compared to 
wild type (White and Chapman, 2005; Yasuhiko et al., 2006; Wittler et al., 2007; 
Takemoto et al., 2011).    
Expression profiles for each of the three genotypes were analyzed in order to 
understand the endogenous role of Tbx6 in both presomitic mesoderm identity and 
somite patterning. Genes that are differentially expressed between the wild type and 
Tbx6 homozygous mutant should enrich for genes that Tbx6 regulates to establish both 
the neural vs. mesoderm identity of the PSM and to pattern the somites (Figure 6).  




enrich for genes that Tbx6 regulates specifically to pattern the somites as the identity of 
the presomitic mesoderm of the hypomorph is correctly established (Figure 6).  Finally, 
comparing the expression profiles of the hypomorph with the null should enrich for 
genes that Tbx6 regulates to establish neural vs. mesoderm identity (Figure 6).  In order 
to find gene targets of Tbx6 responsible for establishing neural versus mesoderm 
identity we focused on a unique set of genes whose expression was differentially 
regulated in the null vs. both the wild type and hypomorph but was not affected in the 
hypomorph vs. wild type, which will be referred to as the subtracted list (star on Figure 
6).  
In this study we narrowed the subtracted list to transcriptional regulators that are 
potentially directly regulated by Tbx6 in order to find genes that govern the 
establishment of presomitic mesoderm identity.    
 
Results 
Identification of potentially direct transcription factor targets of Tbx6  
With the goal of finding transcriptional regulators involved in presomitic 
mesoderm identity, the 155 genes differentially regulated in Tbx6 null vs. wild type and 
Tbx6 null vs. hypomorph but not the hypomorph vs. wild type comparisons were further 
refined using the Database for Annotation, Visualization and Integrated Discovery 
(DAVID) that narrowed the list to genes involved in transcription using gene ontology 
terms. In parallel, the mouse gene promoter database, as provided by ENSMBL, was 
scanned for putative Tbx6 binding sites with the use of a Tbx6 position weight matrix 




Binding Site Finder,  COTRASIF (Tokovenko et al., 2009).  Thirty genes were present 
on both the DAVID analysis list and the COTRASIF analysis list and were classified as 
transcriptional regulators that are potential direct targets of Tbx6 (Table 2).  Additionally, 
the expression of Cxcl12, one of the top highly deregulated genes of the subtracted list, 
was characterized in Tbx6 homozygous mutants.     
 
 
Genes whose expression is lost in the PSM of Tbx6 homozygous mutants at E9.5 
Genes from the list of potential targets involved in transcription (Table 2) were 
selected for further analysis based on the highest fold change in expression and the 
availability of RNA in situ hybridization probes.  We characterized the spatial distribution 
of expression in wild type and Tbx6 homozygous null mutants to investigate how 
changes in expression pattern may contribute to the Tbx6 homozygous null phenotype.  
Mesenchyme homeobox 1, Mox1, is down regulated by 10.9 fold in Tbx6 homozygous 
null embryos compared to wild type and by 9.1 fold in null compared to hypomorph; it 
contains nine putative Tbx6 binding sites within 2kb of its transcriptional start site (Table 
2).  Mox1 is a transcription factor that is expressed in presomitic mesoderm at the 
rostral end of the tail bud and throughout all the somites in wild type E9.5 embryos 
(Figure 7A, A1) (Candia et al., 1992).  Transverse slices at the level of the presomitic 
mesoderm and posterior somites show Mox1 expression in the dorsal aspect of these 
structures (Figure 7A2, A3). In Tbx6 homozygous null mutants, Mox1 expression is 




completely lacking from the tail bud.  It is not present in the ectopic neural tubes (Figure 
7B-B3).   
 Paraxis is down regulated by 3.49 fold in Tbx6 homozygous null embryos 
compared to wild type and by 3.24 fold in null compared to the hypomorph; it has three 
putative Tbx6 binding sites within 2kb for its transcriptional start site (Table 2).  Paraxis 
is expressed in the presomitc mesoderm at the anterior end of the tail bud as well as in 
all somites in wild type embryos at E9.5 (Figure 7C,C1) (Burgess et al., 1995).  Paraxis 
is expressed throughout the somite as seen in a transverse slice at the level of the 
somites (Figure 7C2). In Tbx6 homozygous null mutants, expression is observed only in 
anterior somites and is not present in the presomitic mesoderm or the ectopic neural 
tubes (Figure 7D-D3).   
 Eyes absent 1 homolog, Eya1, is down regulated by 4.4 fold in Tbx6 
homozygous null mutants compared to wild type and by 3.73 fold in null compared to 
the hypomorph; it has seven putative Tbx6 binding sites within 2kb for its transcriptional 
start site (Table 2).  Eya1 is expressed in the forebrain, eye, brachial aches, and otic 
vesicles, as well as all of the somites (Figure 7E).  Eya1 expression extends further 
caudally into the tail bud mesoderm than Mox1 and Paraxis (Figure 7E1).  Eya1 is also 
expressed in the intermediate mesoderm  (Figure 7E2) and in the dermomyotome of the 
somites (Figure 7E3) (Xu et al., 1997). In Tbx6 homozygous mutants, Eya1 is 
expressed in the forebrain, eye, brachial arches, otic vesicles and the abnormal anterior 
somites and shows weak expression in the ectopic neural tubes (Figure 7F,F3), but is 




Naked cuticle 2, Nkd2, is part of the Naked cuticle family of proteins that 
regulates both the canonical and non-canonical Wnt signaling pathway (Wharton et al., 
2001).  Nkd2 is down regulated by 4.6 fold in the Tbx6 homozygous null compared to 
wild type embryos and by 3.62 fold in null compared to hypomorph; it contains two 
putative Tbx6 binding sites within 2kb for its transcriptional start site (Table 2).  Nkd2 is 
expressed in the brachial arches, forebrain, somites and mainly in the caudal end of 
presomitic mesoderm in E9.5 wild type embryos (Figure 7G-G3) (William et al., 2007). 
Tbx6 homozygous mutants express Nkd2 in the brachial arches, forebrain, and 
abnormal anterior somites but there is no expression in the presomitic mesoderm or in 
the ectopic neural tubes (Figure 7H-H3). 
 
Genes with reduced but detectable expression in the PSM of Tbx6 homozygous 
mutants at E9.5  
Sine oculis-related homeobox 1, Six1, is down regulated by 3.3 fold in Tbx6 
homozygous nulls compared to wild type and by 2.62 fold in nulls compared to 
hypomorph; it has five putative Tbx6 binding sites within 2kb for its transcriptional start 
site (Table 2).  Six1 is expressed in the head, brachial arches, otic vesicles, somites and 
presomitic mesoderm but is excluded from the caudal tip of the tail bud at E9.5 (Figure 
8A,A1) (Oliver et al., 1995).  Six1 is expressed throughout the somite (Figure 8A3). In 
Tbx6 homozygyous mutants, Six1 is expressed in the anterior structures of the embryo 
including the abnormal anterior somites (Figure 8B) and reduced but similar pattern to 




 Chemokine (C-X-C motif) ligand 12, Cxcl12, is a chemokine family member that 
is strongly chemotactic specifically for lymphocytes (Bleul et al., 1996) and is the only 
non transcription factor examined in Tbx6 homozygous mutants.  Cxcl12 was one of the 
mostly highly down regulated genes in Tbx6 homozygous mutants.   Cxcl12 is 
expressed in the forebrain, anterior boarder of the brachial arch, somites and presomitic 
mesoderm at E9.5 (Figure 8C,C1,C3) (McGrath et al., 1999; Gray et al., 2004).  It is 
expressed in a banded pattern in the tail bud in which the caudal and rostral ends of the 
tail bud show expression at the lateral edge of the tissue and the middle of the tail bud 
shows expression in a band across the tail bud along with expression in the dorsal gut 
(Figure 8C1).  A transverse slice through the tail bud reveals that Cxcl12 expression is 
limited to presomitic mesoderm nearest the ectodermal layer (Figure 8C2). Tbx6 
homozygous mutants express Cxcl12 in the forebrain, brachial arches and abnormal 
anterior somites.  Tbx6 homozygous mutants lose the banded expression of Cxcl12 in 
the tail bud and transverse slices show reduced expression in the tail bud (Figure 8D-
D3).   
 
Genes with ectopic expression in Tbx6 homozygous mutants at E9.5 
Forkhead box N3, Foxn3, is a transcription factor that was up regulated by 0.46 
fold in Tbx6 homozygous mutants compared to wild type embryos and by 0.33 fold in 
nulls compared to hypomorphs; it has four putative Tbx6 binding sites within 2kb for its 
transcriptional start site (Table 2) and expression has not been previously characterized 
in mouse embryos at E9.5.  The only known expression is in the brain at E10.5 (Gray et 




brachial arches, forelimb bud and presomitic mesoderm of the tail bud (Figure 9A-A2).  
Transverse slices at the level of the somites show that Foxn3 is expressed in the neural 
tube and throughout the somites (Figure 9A3). In Tbx6 homozygous null mutants, 
Foxn3 has higher expression in the tail bud than that seen in wild type embryos (Figure 
9B-B2) and is also expressed in the ectopic neural tubes and axial neural tubes (Figure 
9B3).   
 Homeobox A7, Hoxa7, is a homeobox transcription factor that is up regulated 2.9 
fold in Tbx6 homozygous mutants compared to wild type embryos and by 2.1 fold in the 
null compared to the hypomorph; it has four putative Tbx6 binding sites within 2kb for its 
transcriptional start site (Table 2).  Hoxa7 is expressed in the posterior end of the 
embryo in all of the presomitic mesoderm and ectoderm in the tail bud (Figure 9C-C2) 
(Satoh et al., 2006).  Transverse slices at the level of the somites shows expression of 
Hoxa7 in the dorsal neural tube and dermomyotome of somites (Figure 9C3). In Tbx6 
homozygous mutants, Hoxa7 expression is more intense in the tail bud and is also 
found in the ectopic neural tubes in Tbx6 homozygous mutants (Figure 9D1-D3.  Hoxa7 
is expression extends anteriorly to the same level in both wild type and Tbx6 
homozygous mutants (Figure 9D).       
   
Discussion 
Tbx6 regulates a number of genes involved in somite patterning and 
development.  Among the differentially regulated genes selected for analysis, we 
demonstrate for genes that regulate somite patterning and development of the skeletal 




the tail bud of Tbx6 homozygous mutants. Homozygous null mutants for Mox1 display 
abnormal rib development, rib fusions, abnormal vertebrae development, hemi vertebra 
as well as vertebral fusions (Mankoo et al., 2003).  Paraxis homozygous null embryos 
show truncation of the anterior-posterior axis, disrupted somite formation, and severe 
muscle and skeletal defects (Burgess et al., 1996).  Eya1 homozygous have skeletal 
defects that include abnormal cranium morphology, rib fusion and cervical vertebral 
fusion.  Eya1 homozygous mutants also have a range of renal system defects that 
include kidney and ureter agenesis (Xu et al., 1999).  Six1 homozygous null mutants 
have muscle and skeletal system defects, which includes abnormal myogenesis, 
muscle hypoplasia, and bifurcation and fusions of ribs (Laclef et al., 2003).  The altered 
expression of Mox1, Paraxis, Eya1 and Six1 expression in Tbx6 homozygous mutants 
provides evidence as to the role Tbx6 plays in somite differentiation. Tbx6 may also be 
necessary for specifying the identity of both the presomitic and intermediate mesoderm 
as seen by the absence of Eya1. 
A previous study demonstrated that Tbx6 homozygous mutants develop ectopic 
neural tubes due to ectopic expression of Sox2 in the PSM.  Tbx6 negatively regulates 
Sox2 expression in the PSM by the N1 enhancer.  Tbx6-/-; ΔN/ΔN1 double homozygous 
mutant embryos do not completely rescue the Tbx6 homozygous mutant phenotype, as 
embryos do not develop posterior somites.  The regulation of Mox1, Paraxis and Eya1 
provides evidence that Tbx6 plays a dual role in the presomitic mesoderm, not only to 
maintain mesoderm identity but also to promote the survival and proliferation of 




  Cxcl12 is down regulated but not absent in the tail bud of Tbx6 homozygous 
mutants. Cxcl12 homozygous mutants show abnormal angiogenesis and hematopoietic 
system developmental defects (Nagasawa et al., 1996; Ara et al., 2005). The role of 
Cxcl12 in the tail bud remains unknown.     
 Both Foxn3 and Hoxa7 are up regulated in Tbx6 homozygous mutants.  
Currently, there are no Foxn3 mutant mice.  Foxn3 is a potential new regulator of 
posterior tissue development. As it is up regulated in Tbx6 homozygous mutants 
compared to wild type its function may be to specify or promote neural identity.  
Investigation of mutant alleles of Foxn3 will elucidate its normal role during 
embryogenesis and would provide insight into how it contributes to the Tbx6 
homozygous mutant phenotype.  Hoxa7 homozygous mutants are viable and fertile.  
Hoxa7/Hoxb7 double homozygous mutants show rib fusions in 71% of embryos and 
have a small thymus (Chen et al., 1998).  Tbx6 homozygous mutants had stronger 
expression of Hoxa7 in the tail bud than in wild type embryos, however, the anterior 
extent of expression was not different.  Hox genes are involved in patterning the 
anterior/posterior axis of the embryo (Le Mouellic et al., 1992).  This result provides 
evidence that the anterior/posterior axis is patterned normally in Tbx6 homozygous 
mutants and the phenotype is not due to homeotic transformations.  The increased 
expression of Hoxa7 observed in the tail bud and ectopic neural tubes of Tbx6 
homozygous mutants may be due to the increase of mutant tail bud tissue compared to 
wild type.     
 In this study we expanded on the expression data from the Tbx6 microarray by 




with RNA in situ hybridization to identify the affected tissues.  The analysis also 
identified putative Tbx6 binding sites within 2kb of the transcriptional start site of these 
genes, indicating their potential as direct targets.  This analysis enriched for new 
potential direct targets for Tbx6 and characterization of expression these targets helped 
further the understanding of the endogenous role of Tbx6 in establishing presomitic 
mesoderm identity, somite development and patterning.  The analysis is not complete, 
as further study is needed to elucidate whether the genes found are direct targets of 
Tbx6.  To further investigate this question, gel electrophoretic mobility shift assays, 
using Tbx6 protein and DNA probes for each putative binding sites, could be used.  
Sites that are found to bind in vitro could then be validated in vivo by ChIP on presomitic 
mesoderm tissue of E9.5 embryos using an antibody for Tbx6.    
 
Materials and Methods 
Mice and embryo collection 
In this study we used a null, expression reporter allele, Tbx6tm2pa, which deletes 
exon two and part of exon 3 to delete Tbx6 function and inserts a H2B-EYFP fusion 
gene, which expresses a fusion protein of histone 2B and yellow fluorescent protein 
under the regulation of the Tbx6 promoter (Hadjantonakis et al., 2008).  The allele was 
maintained on a mixed genetic background of 129 and ICR (Taconic).   Tbx6tm2pa 
heterozygous mice, which are viable and fertile, were mated to produce +/+, Tbx6tm2pa/+ 
and Tbx6tm2pa/ Tbx6tm2pa embryos at E9.5 (E0.5 denotes noon of the day a vaginal plug 
was observed).  Embryos were genotyped by fluorescence, as fluorescence intensity is 




Tbx6- for this study.  Wild types, identified by lack of fluorescence were used as controls.  
Tbx6+/- embryos, which were distinguished by fluorescence intensity, were used to test 
RNA In situ hybridization probes (Hadjantonakis et al., 2008).   
 
RNA In situ hybridization 
Embryos were dissected in phosphate buffered saline (PBS) containing 0.2% 
albumin bovine serum (Sigma), fixed overnight in 4% paraformaldehyde (PFA) in PBS 
at 4°C, dehydrated in 100% methanol and stored at -20°C.  Whole mount in situ 
hybridization using antisense RNA probes was performed as described in previously 
(Wilkinson, 1998).  
 
Embryo analysis 
Transverse slices using a scalpel were made at the level of the tail bud caudalto 
the last formed somite, through the tail bud, and at the level of the recently formed 
somites in wild type E9.5 embryos.  Transverse slices were made in Tbx6-/- E9.5 
embryos at the level of the tail bud, through the caudal tail bud and at the level of the 


















Table 2: Validation of gene lists using genes known or predicted to be altered in PSM in 
Tbx6 -/- mutants 
 
Gene  Fold Change in expression 
 nullvswt 
Mox1(Meox1) -10.92 (p=4.48E-05) 
Ripply2(RIKEN C030003E08) -9.26 (p=2E-04) 
Mesp2 -5.96 (p=4E-04) 
Tcf15 -3.49 (p=3E-04) 
Dll1 -3.27 (p=6.79E-05)  
Tbx6 -2.84 (p=6E-04)  
Wnt3a 1.61 (p=2E-04)  
Sox2 6.17 (p= 7E-04)  
tcf15 -3.49 (p=3E-04) 
 
 
Table 3: Subtracted gene list of putative direct Tbx6 targets that play a role in 
transcriptional regulation with the expression fold change from the microarray analysis 




n of fold 
change Fold change in expression1 
# of Tbx6 
putative 
binding sites 
within 2kb of 
transcription





nullvswt nullvshypo     
Meox1* - 























-3.47 (p= 0.006) 
 
-2.29 (p=0.006) 
















Meis1 - -3.28 (p=1E-03) -2.44 (p=.002) 1 
Hematopoie
tic defects 










Cbx4 - -1.55 (p=1E-03) 
-1.17 (p=.02) 
 3 NA 
Hey1 - -1.42 (p=6.90E-05) -1.77 (p=1E-04) 5 
Viable and 
fertile 
Gbx2 - -1.30 (p=0.01) -1.23 (p=0.01) 3 
Brain 
defects 
Ifnar2 - -0.78 (p=0.05) -0.63 (p=.05) 3 
Hematopoie
tic defects 









Trim27 - -0.28 (p=0.03) -0.18 (p=.03) 4 NA 
Ncl - -0.14 (p=0.04) -0.11 (p=0.04) 4 NA 













































Malt1 + 0.67 (p=1E-04) 0.68 (p=7E-04) 3 
Hematopoie
tic defects 































1Two columns represent the log fold difference in gene expression between Tbx6 null vs. wild type and null vs. 
hypomorph.   
2NA means no mutants available 
*Genes in bold represent ones whose expression was characterized in wild type and Tbx6 homozygous mutant 










Figure 7: Venn diagram of differentially expressed genes in three genotypes from Tbx6-
expressing E9.5 tailbud tissues.   
Venn diagram represents groups of differentially expressed genes in wildtype vs. null (pink), 
wild type vs. hypomorph (yellow) and hypomorph vs. null (blue).  The purple area represents 
genes that are differentially expressed in the wild type vs. null and hypomorph vs. null, but not 
wild type vs. hypomorph. This subtracted group of 155 genes was used to narrow down Tbx6 
targets that contribute to the ectopic neural tube phenotype.  The null refers to Tbx6tm1Pa/tm2Pa 







Figure 8: Expression of Mox1, Paraxis, Eya1 and Nkd2 in wild type and Tbx6 homozygous 
mutant embryos at E9.5. 
A-H3. Expression of Mox1 (A-B3), Paraxis (C-D3), Eya1 (E-F3) and Nkd2 (G-H3) in wild type 
(A-A3, C-C3, E-E3, G-G3) and Tbx6 homozygous mutants (B-B3, D-D3, F-F3, H-H3). For all 
sets of panels line 1 is the level at which the tail bud was cut.  Dorsal views of the cut tail bud 
are shown in adjacent panels (A1,B1,C1,D1,E1,F1,G1,H1); line 2 is a transverse cut made at 
the level of the presomitic mesoderm (A2,B2,C2,D2,E2,F2,G2,H2) and line 3 is a transverse cut 
made at the somite (A3,C3, E3,G3) in wild type embryos or ectopic neural tube (B3,D3,F3,H3) 
in Tbx6 homozygous mutants. Left view of embryos (A,B,C,D,E,F,G,H); lines indicate where 
scalpel slices were made. Arrows point to abnormal somites, PSM, IM, N, and EN.  S, somites; 












































Figure 9:  Expression of Six1 and Cxcl12 in Tbx6 homozygous mutants as E9.5 
A-D3. Expression of Six1 (A-B3) and Cxcl12 (C-D3) in wild type (A-A3, C-C3) and Tbx6 
homozygous mutants (B-B3, D-D3). For all sets of panels line 1 is the level at which the tail bud 
was cut.  Dorsal views of the cut tail bud are shown in adjacent panels (A1,B1,C1,D1); line 2 is 
a transverse cut made at the level of the presomitic mesoderm (A2,B2,C2,D2) and line 3 is 
transverse a cut made at the somite (A3,C3,) in wild type embryos or ectopic neural tube 
(B3,D3) in Tbx6 homozygous mutants. Left view of embryos (A,B,C,D,); lines indicate where 
scalpel slices were made. Arrows point to abnormal anterior somites, N or EN. S, somites; N, 













Figure 10: Expression of Foxn3 and Hoxa7 in Tbx6 homozygous mutants at E9.5 
A-D3. Expression of Foxn3 (A-B3) and Hoxa7 (C-D3) in wild type (A-A3, C-C3) and Tbx6 
homozygous mutants (B-B3, D-D3). For all sets of panels line 1 is the level at which the tail bud 
was cut.  Dorsal views of the cut tail bud are shown in adjacent panels (A1,B1,C1,D1); line 2 is 
a cut made at the level of the presomitic mesoderm (A2,B2,C2,D2) and line 3 is a cut made at 
the somite (A3,C3,) in wild type embryos or ectopic neural tube (B3,D3) in Tbx6 homozygous 
mutants. Left view of embryos (A,B,C,D,); lines indicate where scalpel slices were made. Arrows 






Chapter 4.  The role of Tbx6 in determination of L/R asymmetry 
Introduction 
The mouse embryo at E8.0 is initially bilaterally symmetrical.  This symmetry is 
broken during early gastrulation when genes are asymmetrically expressed around the 
embryonic node (mouse organizer) and in the LPM. The earliest known morphological 
left/right asymmetry in the mouse embryo is the leftward displacement of the future 
atrioventricular canal, followed by the dextral looping of the linear heart tube.  As the 
embryo progresses, it undergoes a process of axial rotation towards its right side that 
leads to an asymmetric placement of the placenta umbilical cord and vitelline vessels.  
Further asymmetric morphological events occur as the embryo develops, leading to 
asymmetric positions of organ systems in the adult mouse (Levin et al., 1995; Miller and 
White, 1998; Beddington and Robertson, 1999; Brown and Anderson, 1999).  
 The node and its cilia are important for establishment of left-right asymmetry. 
Noto, Foxj1 and Rfx3 affect node and node cilia development.  When mutated these 
transcription factors show left-right asymmetry defects.  Noto is a homoeobox gene and 
homozygous null mutants have randomized expression of left-right specific genes, a 
disrupted node structure and immotile nodal cilia (Beckers et al., 2007). FoxJ1 is a 
forkhead box transcription factor that when mutated has a similar morphological 
laterality phenotype to Tbx6 mutants and which is necessary for ciliogenesis in the 
mouse (Brody et al., 2000).  Rfx3 is a transcription factor expressed in all ciliated cells 
of the node at the time laterality is established; its mutants have defects in ciliogenesis.  
Studies have shown that Rfx3 regulates the transcription of genes involved in 




hybridization analysis revealed that Noto is upstream of both Rfx3 and Foxj1 (Brody et 
al., 2000; Bonnafe et al., 2004; Beckers et al., 2007).       
Genes involved in the non-canonical Wnt pathway have been shown to regulate 
ciliogenesis and therefore determination of left-right asymmetry in the vertebrate 
embryo (Oishi et al., 2006).  The non-canonical Wnt pathway includes both the planar 
cell polarity (PCP) pathway and the Wnt/Ca2+ signaling pathway.  Non-canonical Wnt 
ligands bind to frizzled (Fzd) receptors.  In the PCP pathway, this binding activates a 
specific group of cytoplasmic phosphoproteins known as Disheveled (Dvl).  Dvl2 and 
Dvl3 proteins in turn regulate the expression of genes involved in cell movements.  Dvl2 
mutants have transposition of the great arteries and decreased expression of Pitx2 in 
the outflow tract.  Dvl2; Dvl3 double homozygous mutants have abnormal looping of the 
heart as well as defects in somite segmentation and neural tube closure (Hamblet et al., 
2002; Etheridge et al., 2008).  In the Wnt/Ca2+ signaling pathway, proteins that regulate 
the release of intracellular calcium are activated Fzd receptors and IP3 proteins (Fanto 
and McNeill, 2004). Morpholino-mediated loss of function of Vangl2, a modifier of non-
canonical Wnt signaling, in the chick results in disrupted expression of left-right 
asymetrically expressed genes (Zhang and Levin, 2009).   Knock down morpholino 
studies of the Fzd2, a receptor of the non-canonical Wnt signaling pathway show that 
Fzd2 is necessary for correct establishment of left-right asymmetry in the zebrafish 
embryo as Fzd2 morphants have reversed looping of the heart and gut tube.  Fzd2 
morphants also show a defect in the cilia of the Kuppfer vesicle, the zebrafish 
equivalent of the mammalian embryonic node (Oishi et al., 2006).  In Xenopus 




also have ciliogenesis defects (Park et al., 2006).  These studies demonstrate how non-
canonical Wnt signalling is essential for the establishment of left-right asymmetry and 
ciliogenesis in vertebrates.   
 The molecular events that orchestrate the determination of left-right asymmetry 
are tightly regulated.  An asymmetric signal generated in the embryonic node leads to 
the asymmetric expression of Nodal and its antagonist, Cer2 in the perinodal region 
(Hamada et al., 2002; Krebs et al., 2003a). Gdf1 perinodal expression is necessary for 
the asymmetric expression of Nodal in the left LPM (Tanaka et al., 2007).  It is still 
unknown what upstream factors regulate the expression of Gdf1.    Homozygous null 
mutants of both Nodal and Gdf1 show a loss of expression of left-right specific genes in 
the LPM (Rankin et al., 2000; Saijoh et al., 2003b).  
T-box genes have been shown to interact with components of non-canonical Wnt 
signaling pathway.  In zebrafish, the ortholog of Brachyury, ntl, and wnt5 work 
synergistically to form posterior structures (Marlow et al., 2004).  It has also been shown 
in Xenopus that Wnt11 is a target of Brachyury (Makita et al., 1998; Tada and Smith, 
2000).  In mice, Tbx1 regulates Wnt5a in cardiac progenitors of the secondary heart 
field and Tbx20 positively regulates the non-canonical Wnt signaling pathway in the 
facial neurons in the mouse (Song et al., 2006; Chen et al., 2012).  
This study focuses on the T-box gene; Tbx6, which is expressed between 
embryonic day (E) 6.5 and E13.5 first in the primitive streak and later in the presomitic 
mesoderm and tailbud.  Tbx6 null mutants die around E9.5. They have defects in 
anterior somite morphology and patterning, two ectopic neural tubes in place of 




Papaioannou, 1998). They have a defect in node cilia motility and morphology and 
show a decrease in Dll1 and Nodal expression in the perinodal region and, in almost all 
mutant embryos, show an absence of asymmetric expression of Nodal, Pitx2 and Lefty2 
in the LPM.  The decrease in perinodal Nodal expression could be due to the decrease 
in perinodal Dll1 expression (Hadjantonakis et al., 2008).  The mechanism by which 
Tbx6 affects the development of the node and node cilia is not understood.  However, 
the node cilia motility and morphology defects of Tbx6 homozygous mutants does not 
account for the lack of expression of left-right specific genes in the LPM.  Tbx6, 
therefore, along with playing a role in ciliogenesis, must be regulating genes that are 
necessary for LPM expression of left-right genes.  
In this study we make use of Tbx6 mutant embryos to investigate how Tbx6 
affects multiple processes in the establishment of left-right asymmetry, which include 
node and node cilia development and the expression of genes necessary for nodal 
signal transduction from the perinodal region to the left LPM.  We investigated the 
expression of transcription factors and genes involved in the non-canonical Wnt 
signaling pathway.  We also examined whether the left-right asymmetry defects in Tbx6 
homozygous mutants are due to direct regulation of Gdf1.  
 
Results 
Expression of transcription factors that affect laterality, node and nodal cilia  
development in wild type and Tbx6 homozygous mutants 
Expression of transcription factors necessary for node and node cilia 




streak stage to the late head fold stage, E7.5-E8.0, and compared to wild type controls. 
In wild type embryos at the primitive streak stage, Noto is expressed in precursors of 
the embryonic node at the anterior end of the primitive streak (Figure 10A, D).  At the 
bud and head fold stages, Noto is expressed in the embryonic node and developing 
notochord (Figure 10B,C, B’,C’) (Beckers et al., 2007).Tbx6 homozygous mutants have 
no detectable Noto expression at the midstreak stage (n=2, Figure 10E) and at the late 
streak stage one of three mutants evaluated had weak, punctate Noto expression 
(Figure 10H) while the other two showed normal expression when compared to wild 
types.  At the late bud stage one of two mutants evaluated showed a lower level of Noto 
expression than wild type embryos (Figure 10F,F’) and the other showed normal 
expression.  At the head fold stage three of six mutants evaluated had an irregular 
pattern of Noto expression (Figure 10G,G') while the other three mutants showed 
normal Noto expression.  
 Foxj1 is expressed in precursors of the node at the anterior end of the primitive 
streak in streak stage embryos and in the node during bud, headfold, and early somite 
stages in wild type embryos (Figure 11A,B,B’, E-H) (Brody et al., 2000).  Mutant 
embryos evaluated at the late streak stage (n=3) showed similar FoxJ1 expression to 
wild type (Figure 11C). One early bud stage mutant had a pale, irregular pattern of 
expression when compared to a stage-matched wild type embryo (Figure 11D,D’). 
Mutants at the late bud (n=4), EHF (n=1), and LHF to somite stages (n=8) showed no 
difference in expression when compared to wild type (Figure 11I-L).  
In wild type embryos between bud and head fold stages, Rfx3 is expressed in the 




homozygous mutants between bud and head fold stages showed expression of Rfx3 in 
the node (n=15, Figure 12E-H). 
 
Expression of components of the non-canonical Wnt signaling pathway in wild 
type and Tbx6 mutants between E7.5-E8.0 
The expression pattern of non-canonical Wnt signaling components was 
investigated in Tbx6 mutants during node development. Wnt5a and Wnt5b are non-
canonical Wnt signaling ligands that are expressed at the posterior end of the embryo at 
the early bud stage (Figure 13A,I).  As the embryo develops Wnt5a expression is 
localized to the base of the allantois and extends towards the distal end of the embryo 
(Figure 13B-D,J-L) (Gavin et al., 1990).  There is no difference in expression pattern of 
Wnt5a and Wnt5b between wild type embryos and Tbx6 homozygous mutants between 
the early bud to late head fold stages (Figure 13E-H,M-P).     
Fzd proteins act as receptors for Wnt signaling.  Fzd2 and Fzd3, between the 
streak and head fold stages, are expressed in the epiblast but excluded from the 
primitive endoderm and extra embryonic regions of the embryo (Figure 14A-C,G-I) 
(Wang et al., 1996). No difference in Fzd2 or Fzd3 expression is observed between wild 
type and Tbx6 homozygous mutants between the streak and head fold stage (Figure 
14D-F, J-L). Fzd10, similar to Wnt5a and Wnt5b, is expressed in the posterior end of 
the embryo.  Expression is first seen at the bud stage and extends to the distal tip of the 
embryo (Figure 14N).  At later somite stages Fzd10 expression is observed in the 




2001).  No difference in expression of Fzd10 was seen between Tbx6 homozygous 
mutants and wild type embryos (Figure 14P-R).   
 
Expression of Gdf1 in wild type and Tbx6 homozygous mutants between E8.0-
E8.5 
In addition to the effect Tbx6 has on cilia motility and morphology, homozygous 
mutants also show an absence of left-right gene expression in the LPM.  We therefore 
investigated the expression of Gdf1, a gene necessary to transfer the asymmetric signal 
generated at the node to the left LPM. At the LHF stage, wild type embryos express 
Gdf1 throughout the embryo with stronger, discrete bilateral expression in the perinodal 
region (Figure 15A,E).  Between zero and seven somite stages, Gdf1 is expressed 
bilaterally in both the perinodal region and LPM in wild type embryos (Figure 15B-D,F-
H) (Rankin et al., 2000; Wall et al., 2000). In Tbx6 homozygous mutant embryos, Gdf1 
is expressed uniformly throughout the embryo at the LHF stage; however, no signal is 
observed in the perinodal region (n=2, Figure 15I,M) nor is it observed between the LHF 
and seven somite stages (n=10, Figure 15I-L,M-P).  However, between the zero and 
seven somite stages, Tbx6 homozygous mutants express Gdf1 bilaterally in the LPM 
similar to wild type embryos (Figure 15J-L,N-P).  
 
Regulation of Gdf1 expression by Tbx6  
Since we observed a loss of Gdf1 expression in Tbx6 homozygous mutants in an 
area that overlaps with Tbx6 expression, we hypothesized that Tbx6 directly regulates 




COTRASIF, was used with a position weight matrix for Tbx6 to scan 2kb upstream and 
downstream of the transcriptional start site of Gdf1.  Five putative Tbx6 binding sites, 
including one in exon 6, were found (Table 3; Figure 16A).  Electrophoretic mobility shift 
assays (EMSA) were used to test whether Tbx6 protein binds to fluorescently labeled 
DNA probes for each of the five sites in vitro.  Probes with mutated sites were used to 
test binding specificity (Table 3).  Results show that Tbx6 protein can bind in vitro 
specifically to sites #1,4, and 5.  Site #3 showed no binding and site #2 showed non-
specific binding in which both the wild type and mutated probe bound to Tbx6 protein 
(Figure 16B).  Chromatin IP was not used to test these sites in vivo, as tissue sample 
size was a limiting factor and a Tbx6 antibody was not available.     
 Luciferase assays were used to test whether Tbx6 can regulate the expression of 
a luciferase reporter through the putative binding sites in the Gdf1 promoter.  We 
generated a luciferase reporter that contains 2.3kb of the Gdf1 promoter region.  Due to 
its location in the sixth exon of Gdf1 site #5 was not included in the reporter construct 
(Figure 16C).  PCR based mutagenesis was used to create a luciferase reporter that 
contained the 2.3 kb Gdf1 promoter region with mutated putative Tbx6 binding sites.  
NIH 3T3 cells were transfected with increasing amount of Tbx6 expression construct 
which lead to a two-fold increase in luciferase reporter activity (Figure 16D).  Western 
blot demonstrates that transfected cells express Tbx6 protein (Figure 16E).   However, 
no difference in luciferase activity between wild type and mutant luciferase reporters 
was observed. Though we do see a small increase in luciferase activity, Tbx6 does not 




Investigating a possible genetic interaction between Tbx6 and Gdf1 in 
determination of left-right asymmetry  
Embryos that are homozygous mutant alleles for Tbx6 or Gdf1 have 
randomization of heart looping and embryo turning, while heterozygous embryos have 
normal situs (Rankin et al., 2000; Hadjantonakis et al., 2008).  To determine whether 
Tbx6 and Gdf1 genetically interact we crossed Tbx6 and Gd1 heterozygous mice to 
produce Tbx6+/-, Gdf1l+/- double heterozygotes and examined their morphological left-
right asymmetry phenotype.  Embryos at E9.5 have distinct morphological asymmetries 
including direction of heart looping, as well as tail, placenta and vitelline vessel 
placement. Tbx6+/-, Gdf1+/- double heterozygous embryos have normal situs (n=21).  If 
heart looping and embryo turning were randomized then half of Tbx6+/-, Gdf1+/- double 
heterozygous embryos would be expected to have reversed looping and turning.  
However, normal situs was observed in all double heterozygous embryos indicating 
there is no genetic interaction.  As a more sensitized screen for detecting a genetic 
interaction the dose of Tbx6 was further reduced using a hypomorphic allele, Tbx6rv in 
combination with the null allele.  Tbx6rv/-,Gdf1+/- mutant embryos also have normal situs 
at E9.5 (n=11).   
 
Rescue of Gdf1 perinodal expression in Tbx6-/- mutants results in asymmetric 
express Pitx2 in the left LPM 
Previous studies have shown that it is specifically the perinodal expression of 
Gdf1 that is essential for asymmetric expression of Nodal in the left LPM (Tanaka et al., 




perinodal region, node-Tg, to rescue Gdf1 expression in Tbx6 homozygous mutants.  A 
Tbx6 heterozygous mouse that contained node-Tg was crossed with Tbx6 
heterozygotes to produce Tbx6-/-; node-Tg embryos.  At E8.5, wild type embryos show 
expression of Pitx2 in the left inflow tract (n=13/13, Figure 17A) whereas the majority of 
Tbx6 homozygous mutants have no detectable Pitx2 expression in the left inflow tract 
(n=26/27 Figure 17B).  Eight Tbx6-/ -; node-Tg mutant embryos showed expression of 
Pitx2 in the left inflow tract (n=8/22 Figure 17C), while the remaining fourteen showed 
Pitx2 expression only in the head region.   
  
Discussion 
With the exception of Noto, Tbx6 homozygous mutants show little to no change 
in expression of transcription factors for node and cilia development. Noto is a 
homeobox gene that is necessary for the development of the embryonic node, node 
cilia and notochord (Beckers et al., 2007).  Noto expression was, however, not observed 
at the midstreak stage in Tbx6 homozygous mutants.  At this developmental stage, the 
node precursor cells are specified and migrate towards the distal end of the embryo 
(Tam and Beddington, 1987).  The irregular expression pattern of Noto in Tbx6 
homozygous mutants between bud and LHF stages may be due to the absence of Noto 
at the midstreak stage or could mark an irregularly shaped node as Tbx6 homozygous 
mutants do have some node morphological defects (Hadjantonakis et al., 2008).  
Between the bud and LHF stages, Noto expression is present in the node and 
developing notochord, therefore Tbx6 homozygous mutants have a late onset of 




have observed that Noto is upstream of both Foxj1 and Rfx3, two transcription factors 
that regulate ciliogenesis (Brody et al., 2000; Bonnafe et al., 2004; Beckers et al., 2007).  
The absence of Noto at the midstreak stage of Tbx6 homozygous mutants, however, 
does not affect the expression of Rfx3 and Foxj1.  At the head fold stage, some Tbx6 
homozygous mutants had an irregular expression pattern of Noto when compared to 
wild type embryos.  Since Noto is a marker for the node, the irregular expression pattern 
observed in half of the mutants may be a reflection of node morphological irregularities 
previously observed in Tbx6 homozygous mutants (Hadjantonakis et al., 2008). Future 
work will focus on identifying and characterization potential Tbx6 targets via a 
microarray expression study at stages when the node and node cilia are developing.        
We investigated the expression of components of the non-canonical Wnt 
signaling pathway in Tbx6 homozygous mutants because previous work in Xenopus, 
zebrafish and mice implicates the pathway in node and cilia development as well as 
determination of left-right asymmetry (Hamblet et al., 2002; Oishi et al., 2006; Etheridge 
et al., 2008; Zhang and Levin, 2009).  The non-canonical Wnt signaling pathway also 
plays a role in development of node cilia (Hashimoto et al., 2010).    Although no 
differences in expression of Wnt5a, Wnt5b, Fzd2, Fzd3 and Fzd10 were seen between 
Tbx6 homozygous mutants and wild type embryos, expression of other non-canonical 
Wnt signaling components could still be perturbed. Currently, there is no molecular 
readout for the non-canonical Wnt signaling pathway but individual components could 
be investigated in Tbx6 homozygous mutants. 
 An alternate explanation for the observed node cilia morphological defects in 




2008).  Dll1 is a co-receptor of the Notch signaling pathway and homozygous null 
mutants have node and midline morphological defects (Przemeck et al., 2003).  Dll1 
expression, however, is not completely lost in Tbx6 homozygous mutants so further 
investigation could assess whether a reduction of Notch signaling can lead to disruption 
of node and cilia development.    
Tbx6 homozygous mutants have morphological left-right asymmetry defects with 
an absence of asymmetric expression of Nodal, Lefty2 and Pitx2 in the left LPM and 
Lefty1 in the floor plate. Perinodal expression of Nodal is also decreased in Tbx6 
homozygous mutants (Hadjantonakis et al., 2008).  However, previous work suggests 
that a low level of Nodal expression is sufficient to initiate expression of left-right specific 
genes in the LPM (Brennan et al., 2002a). Gdf1 perinodal expression, is critical to the 
asymmetric expression of Nodal in the left LPM (Tanaka et al., 2007).  In this study it 
was shown that Tbx6 homozygous mutants do not express Gdf1 in the perinodal region, 
which would account for the lack of left-right specific genes expression in the LPM of 
Tbx6 homozygous mutants.  Furthermore the combination of the node-Tg transgene, 
which expresses Gdf1 bilaterally in the perinodal region with Tbx6 homozygous 
mutation showed rescue of Pitx2 expression in the left inflow tract in some embryos.  
This indicates that the absence of expression of left-right genes in the LPM of Tbx6 
homozygous mutants is due to the lack of Gdf1 perinodal expression.  Some Tbx6-/ -, 
node-Tg mutant embryos showed no Pitx2 expression in the inflow tract. It is possible 
that the node-Tg transgene may have variable expression, which may not always 




Unlike other mutants with cilia defects, Tbx6 homozygous mutants have a 
complete absence of asymmetric gene expression in the LPM due to the lack of Gdf1 
perinodal expression. One could hypothesize that the addition of the node-Tg to Tbx6 
homozygous mutants would lead to randomized expression of left-right specific genes in 
the LPM as seen in other mutants with cilia defects. However, whenever Pitx2 
expression was observed in Tbx6-/ -, node-Tg mutant embryos, it was only present in the 
left inflow tract indicating that left-right asymmetry was established correctly.  There are 
a several possible explanations as to why Tbx6-/ -, node-Tg mutant embryos express 
Pitx2 only in the left inflow tract rather than randomly in either the left or right. The 
asymmetric expression of Cer2, Nodal’s antagonist, may not be affected in Tbx6 
homozygous mutants. However, since asymmetric perinodal expression of Cer2 is 
dependent on canonical Wnt signaling and on the flow generated at the node 
(Nakamura et al., 2012), and Tbx6 homozygous mutants do not generate a flow at the 
node, as seen by loss of asymmetric Ca2+, we would predict that Cer2 would not be 
asymmetrically expressed in Tbx6 homozygous mutants.  Characterization of Cer2 
expression in Tbx6 homozygous mutants between E8.0-E8.5 would address this 
question.  It is also possible that with analysis of a larger sample, some right-sided 
expression would be detected.  However, with the current sample size, chi square 
analysis gives a p value of <.01, indicating asymmetric Pitx2 expression is not random.  
Finally, the addition of the Gdf1 node-Tg in Tbx6 homozygous mutants may be rescuing 
asymmetric expression of Pitx2 independent of the flow generated at the node through 




  Our analysis shows that Tbx6 does not regulate luciferase reporter activity 
through the putative Tbx6 binding sites found within 2kb of Gdf1’s promoter region. It is 
possible that Tbx6 regulates Gdf1 expression directly in vivo through other sites not 
detected in this analysis.  However, our result suggests that Tbx6 may indirectly 
regulate the perinodal expression of Gdf1.  Gdf1 is a member of the TGF beta family of 
proteins.  Perinodal expression of other members of the TGF-beta family, such as Nodal, 
is regulated by Notch signaling.  It is possible that the decrease in Notch signaling seen 
in Tbx6 homozygous mutants leads to a loss of perinodal Gdf1 expression.  To address 
this question, characterization of Gdf1 expression could be investigated in embryos that 
have decreased Notch activity between E8.0 and E8.5. 
 No genetic interaction was detected between Tbx6 and Gdf1.  Both Tbx6+/-, 
Gd1+/- double heterozygous embryos and Tbx6rv/-,Gdf1+/- compound heterozygous 
embryos had normal situs.  The most likely explanation is that there is enough Tbx6 
protein present to drive Gdf1 expression.  To further investigate genetic interaction, we 
could further decrease the gene dosage of Gdf1 with the use of hypomorphic alleles of 
Gdf1, thus further sensitizing our screen for left-right asymmetry defects.   
 
Materials and Methods 
Mice and Embryo collection 
In this study we used the null, expression reporter allele, Tbx6tm2Pa, referred in 
this study as Tbx6-, which deletes exon two and part of exon 3 to delete Tbx6 function 
and inserts a H2B-EYFP fusion gene which expressed a fusion protein of histone 2B 




et al., 2008).  The allele fails to fully recapitulate endogenous Tbx6 expression.  The 
allele was maintained on a mixed genetic background of 129 and ICR (Taconic).   Tbx6- 
heterozygous mice, which are viable and fertile, were mated to produce +/+, Tbx6+/- and 
Tbx6-/- embryos between E7.5-E8.5 (E0.5 denotes noon of the day a vaginal plug was 
observed).  Embryos carrying the Tbx6- allele were genotyped by fluorescence, as 
fluorescence intensity is proportional to the number of Tbx6- alleles (Hadjantonakis et al., 
2008). 
The null allele Gdf1tm1Sjl, (Jackson Labs) which in this study will be referred to as 
Gdf1- is a targeted deletion of the entire protein coding region of Gdf1 (Rankin et al., 
2000). A transgene, node-Tg expresses Gdf1 cDNA and LacZ in the perinodal region 
under the regulation of the node specific enhancer (NDE) of nodal and an hsp8 
promoter (A gift from Dr. Hiroshi Hamada) (Tanaka et al., 2007).  Both alleles were 
maintained on a mixed genetic background of C57 and ICR (Taconic).   
A hypomorphic allele of Tbx6, Tbx6 rib vertebrae or Tbx6rv contains a 
rearrangement in the promoter region. An insertion upstream of the translation initiation 
site includes part of exon 1, intron 1, and a portion of exon 2 in inverted orientation 
(Jackson Labs) (Watabe-Rudolph et al., 2002).  Mice were maintained on a mixed 
genetic background of C57 and ICR (Taconic).   
 Tbx6+/- heterozygous mice were mated with Gdf1+/- heterozygous mice to 
produce embryos that are Tbx6 +/-;Gdf1 +/- at E9.5.  Additionally Tbx6rv heterozygous 
mice were mated to Tbx6+/-;Gdf1+/-  mice to produce Tbx6rv/-,Gdf1+/- embryos at E9.5 
days.  Embryos were removed from the uterus and dissected out of the decidua leaving 




was recorded.  The yolk sac was then removed and heart morphology and the direction 
of heart looping was recorded.  Yolk sacs were used for genotyping by PCR using 
primers for Tbx6, Tbx6rv, Gdf1 and node-Tg (Table 4) (Rankin et al., 2000; Watabe-
Rudolph et al., 2002; Hadjantonakis et al., 2008).   
Tbx6+/- heterozygous mice were mated to node-Tg transgenic mice to produce 
Tbx6 +/-;node-Tg mice.  Tbx6 +/-,node-Tg mice were mated to Tbx6 +/- to produce Tbx6 -/-
,node-Tg embryos at E8.5.  Embryos were genotyped using PCR for primers for Tbx6 
and node-Tg (Supplementary Table 1) (Tanaka et al., 2007).   
 
RNA ISH hybridization 
Embryos were dissected in phosphate buffered saline (PBS) containing 0.2% 
albumin bovine serum (Sigma), fixed overnight in 4% paraformaldehyde (PFA) in PBS 
at 4°C, dehydrated in 100% methanol and stored at -20°C.  Whole mount in situ 
hybridization using antisense RNA probes was performed as described in previously 
(Wilkinson, 1998).  
 
Electrophoretic mobility shift assays 
Tbx6 protein was made using full-length Tbx6 cDNA cloned into a pET21a 
expression vector (Novagen).  A coupled TNT in vitro transcription/translation system 
with rabbit reticulocyte lysate (Promega) was used to create full-length Tbx6 protein 
used for electrophoretic mobility shift assay (EMSA) DNA binding studies (White and 




50μl of rabbit reticulocyte lysate for 1 hour at 30°C.  3μl of the reaction was used for 
DNA binding studies.  
Fluorescent probe was generated by attaching a linker sequence 5’-
GTAGAGACTCGT-3’ to the 3’ end of the reverse compliment of five putative Tbx6 
binding sites. The core sequence of the T-box binding element was mutated to create 
mutant versions of each probe. To create a double stranded fluorescently labeled DNA 
probe for EMSA a fluorescently labeled oligonucleotide, Tbx6 linker: 5’-Cy5-
GTAGAGACTCGT-3’, was annealed to the linker sequence on each of the reverse 
compliment oligonucleotides, and second used KLENOW polymerase to fill in the 
remaining sequence.   This protocol was used to create the 10 fluorescently labeled 
DNA probes used in DNA binding assays. 
Three micro liters of lysate containing either the Tbx6 expression construct or 
empty vector was incubated with 0.3 ng of each fluorescently labeled probe in binding 
buffer (20 mM HEPES, pH 7.5, 50 mM KCl, 5 mM MgCl2, 10 µM ZnCl2, 6% glycerol, 
200 µg of bovine albumin per ml, and 50 µg of poly(dI-dC)·poly(dI-dC) per ml (Gebelein 
and Urrutia, 2001) for 20 minutes at room temperature.  Each binding reaction was then 
loaded onto a 4% polyacrylamide gel and ran at 120 volts at 4°C.  Fluorescent probe 
alone was loaded as a negative control.  The gel was then vacuum dried and imaged 
using a Typhoon TRIO variable mode imager (Amersham Biosciences).    
 
Cell culture and luciferase assays 
NIH-3T3 cells (ATCC) were cultured in DMEM (Gibco) with 10% FBS (Hyclone), 




pyruvate (Gibco).  Cells were split at 80% confluency and plated at a concentration of 
200,000 cells per mL for transfection.  NIH-3T3 cells were transfected with a luciferase 
reporter containing the promoter region of Gdf1, a luciferase reporter containing 
mutated putative Tbx6 binding sites, and Tbx6 cDNA (White and Chapman, 2005)) 
cloned in frame into the expression vector pCMV-Tag2a that inserts a FLAG tag at the 5’ 
end of Tbx6 protein.  Transfection was achieved by PEI-based transfection as 
previously described (Christina et al., 2006).   
Cells collected 48hrs after transfection were lysed in cold NP40 Vanadate lysis 
buffer containing protease inhibitor cocktail (Sigma) and phenylmethylsulfonyl fluoride 
(PMSF) at 1mM final concentration for 20 minutes.  Cells were spun down and protein 
in the supernatant was quantified by Bradford reagent (Biorad) and used for western 
blotting.  10ug of protein per sample per lane was run on a 4% polyacrylamide gel and 
transferred onto polyvinylidene difluoride (PVDF) membrane.  Western Blots were 
blocked in 4% milk for 30 minutes at room temperature and incubated with mouse anti-
FLAG antibody at 1:200 (Sigma) overnight at 4°C.  Blots were washed with PBS 
containing 0.1% Tween-20 and anti-mouse horseradish peroxidase (Jackson Labs) was 
added at a concentration of 1;10,000 for one hour.  Blots were visualized with ECL 













Table 4. Sequences of Tbx6 putative bindings sites with 2kb of the Gdf1 transcriptional 
start site and EMSA DNA probes 
 







Tbx6 binding site 























































Figure 11: Expression of Noto in wild type and Tbx6 homozygous mutants from midstreak 
through head fold stages between E7.5-E8.0 
Noto expression in wild type embryos (A-D,B'C') is found in the anterior primitive streak at the 
MS stage and later in the node and nascent notochord at the bud and head fold stages.  Tbx6 
homozygous mutants (E-H,F',G') do not express Noto at the MS stage (E), 1 of 3 showed 
reduced expression at the LS stage (H), 1 of 2 showed reduced expression at the Bud stage 
(F,F’), while 3 of 6 showed irregular pattern of Noto expression at the HF stage (G,G’)  
Expression was similar to wild type in all other mutant embryos.  Images in B’,C’,F’ and G’ show 
ventral views of the distal tip of embryos in the corresponding panelswith anterior to the bottom 
of the figure. Arrows indicate anterior end of the streak and arrowheads indicate the node.  A, 







Figure 12: Expression of Foxj1 in wild type andTbx6 homozygous mutants from streak to 
somite stages between E7.5-E8.5 
A-D’. Left view of Foxj1 expression shows no difference in wild type and Tbx6 homozygous 
mutants at the streak stage at the anterior end of the streak (A,C). Left and ventral views of 
Foxj1 expression in wild type (B,B’) and Tbx6 homozygous mutants (D,D’) at EB stage show 
irregular pattern of expression at the node between the two genotypes.  E-L.  Ventral views of 
FoxJ1 expression in the node from latebud to 6 somite stage in wild type (E-H) and Tbx6 
homozygous mutants (I-L).  No difference in Foxj1 expression was observed between wild type 
embryos andTbx6 homozygous mutants.   Arrows indicate anterior end of the primitive streak 
and arrowheads indicate the node. EB, early bud; LB, late bud; EHF, early headfold, LHF, late 








Figure 13. Expression of Rfx3 in wild type and Tbx6 homozygous mutants from bud and head 
fold stages between E7.5-E8.0 
Rfx3 expression in ventral view of distal tip of wild type (A,B) and in Tbx6 homozygous mutants 
(E,F) at bud stage.  Left side and ventral view of Rfx3 expression in wild type (C,D) and Tbx6 
homozygous mutants (G,H) at the head fold stage (C,D).  No difference in Rfx3 expression was 
observed between wild type and Tbx6 homozygous mutants. Arrowheads indicate the node. A, 


























Figure 14.  Expression of non-canonical Wnt signaling ligands in wild type and Tbx6 
homozygous mutants from early bud and late head fold stages between E7.5-E8.0 
Left views of Wnt5a expression (A-H) and Wnt5b (I-P) in wild type (A-D, I-L) and Tbx6 
homozygous mutants (E-H,M-P) show no difference in expression pattern at the caudual end of 















Figure 15. Left view of expression of non-canonical Wnt signaling receptors from streak to 
somite stages in wild type and Tbx6 homozygous mutants between E7.5 and E.8.5 
A-L. Fzd2 (A-F) and Fzd3 (G-L) expression in wild type (A-C, G-I) and in Tbx6 homozygous 
mutants (D-F,J-L) is in the embryo proper but excluded from primitive endoderm and extra 
embryonic tissues. M-R. Fzd10 expression in wild type (M-O) and Tbx6 homozygous mutants 
(P-R) is in the presomitic mesoderm and base of the allantois.  No difference was observed in 
Fzd2, Fzd3 and Fzd10 expression between the wild types and Tbx6 homozygous mutant 










































Figure 16.  Expression of Gdf1 in wild type and Tbx6 homozygous mutant embryos between 
LHF and 7 somite stages 
A-H.  Left lateral (A-D) and ventral (E-H) views of Gdf1 expression in the perinodal region of 
wild type embryos. Gdf1 is expressed bilaterally in both the perinodal region and LPM between 
three and seven somites.  I-P. Left lateral (I-L) and ventral (M-P) views of Gdf1 expression in 
Tbx6 homozygous mutant embryos at show a loss of perinodal expression at LHF and bilateral 
expression of Gdf1 in the LPM between three and seven somites.  AL, allantois; HF, headfold; H, 











Figure 17: Characterization of Tbx6 putative binding sites in the Gdf1 promoter region by 
electrophoretic mobility shift (EMSA) and luciferase assays in 3T3 cells 
 
A.  Schematic of Gdf1 genomic region and locations of putative Tbx6 binding sites relative to 
the transcriptional start site of Gdf1.  Blue boxes represent exons.  B.  EMSA with wild type and 
mutant (m) DNA probes for each of five Tbx6 putative binding sites run with or without (+ or -) 
Tbx6 protein. A known Tbx6 binding site of Dll1 (D1) was used as a positive binding control.  C.  
Diagram of wild type and mutant Gdf1 luciferase reporters with relative locations of putative 
Tbx6 binding sites.  “X”s represents a mutated putative Tbx6 binding site.  D.  The bar graph 
represents the relative fold change of luciferase reporter activity with increasing amount of Tbx6 
protein for the wild type and mutant reporter.  Asterisks indicate a significant difference between 
















































Figure 18. Expression of Pitx2 in wild type, Tbx6-/- and Tbx6-/-; node-Tg embryos.    
Pitx2 expression is in the head folds of all embryos and in the left inflow tract of wild type (A) 
and in 8 out 22 Tbx6-/-; node-Tg embryos (C).  The rest of the Tbx6-/-; node-Tg embryos showed 
no expression of Pitx2 in the inflow tracts.  Tbx6-/- embryos showed no Pitx2 expression in the 




























Table 5: Primer sequences used for genotyping mice and embryos 
 
Genotype Primer Name Primer Sequence 
Tbx6 T6koGS1 ATTGCACGCAGGTTCTCCGG 
  T6koGS2 GTCACGACGAGATCCTCGCC 
  T6met GGGAGAATGGGATCCAGG 
  T6ln TACCATCCACGAGAGTTGTAC 
Tbx6rv Rv1b GTGTCTGGCGTATCAGCTCA 
  Rv2a CTCGCAGCTTCACTAGTCC- 
Gdf1 oIMR183 GTTGCGGCTGGAGGCTGAGAG 
  oIMR184 CCCACTGGACCAACTTCTACC 
  oIMR185 CCACTGCAGCCTGTGGGCGC 
  oIMR186 GGAAGACAATAGCAGGCATGCTGG 
Node-Tg ZS-6 GCACGGTTACGATGCGCCCATCTACACCAACGT 




































T and Tbx6 during gastrulation 
 
 The T-box genes, T and Tbx6, share many similarities. First, both genes are 
capable of binding the same DNA binding element known as the T-half site. Additionally, 
both genes are expressed in the primitive streak when the node precursor cells in the 
mid gastrula organizer are being specified and later in the tail bud during somitogenesis 
(Chapman et al., 1996).  Since T and Tbx6 can bind to the same DNA sequence and 
have overlapping expression patterns, they may share the same DNA targets and have 
overlapping functions during development.  However, mutational analysis reveals that T 
and Tbx6 play different roles during gastrulation.  
T is first expressed in the primitive streak at the onset of gastrulation.  T has 
been hypothesized to play a role in gastrulation by affecting specification and migration 
of cells that ingress through the primitive streak (Figure 18A), as cells that lack T protein 
fail to ingress (Beddington et al., 1992).  Cells of the primitive streak give rise to the 
presomitic mesoderm (PSM) and embryonic node (Figure 18A). In both TWis and Tbx6 
homozygous mutants, node development is adversely affected.  Our analysis shows 
that TWis homozygous mutants have node morphological defects and have a reduced 
number of cilia in the ventral node.  Tbx6 is first expressed in the primitive streak at 
E7.5 after the onset of T expression and homozygous null mutants have node cilia 
motility and morphology defects (Chapman et al., 1996; Hadjantonakis et al., 2008).  
Since T plays a role in cell migration, morphology defects in the nodes of TWis 
homozygous mutants may be due to a loss of the precursor cell population that gives 




vesicle, a structure analogous to the mouse embryonic node, by regulating cellular 
organization (Amack and Yost, 2004).    Alternatively, T may affect the expression of 
genes necessary for node formation, such as Foxa2 and Chd, at the mid streak stage. 
In Tbx6 homozygous mutants, early gastrulation seems unaffected as cells in the 
anterior/posterior axis give rise to morphologically normal midline structures including 
the allantois (Chapman and Papaioannou, 1998).  The role of Tbx6 may be to regulate 
expression of genes that are necessary for development of node cilia. We observed that 
Tbx6 homozygous mutants have late onset of Noto expression, which could account for 
the observed cilia defect. Tbx6 could also regulate the expression of as yet unidentified 
genes necessary for node cilia morphology.  T and Tbx6, therefore, have very different 
roles in node morphogenesis; T functions upstream of Tbx6 to specify or provide the 
population of node precursors while Tbx6 may act to regulate genes necessary for 
ciliogenesis.  
 Though both T and Tbx6 have overlapping expression in the tailbud, each plays 
a unique role in the development of the PSM and somites.  The primitive streak is the 
source of mesoderm for anterior somites while cells that give rise to posterior somites 
originate from the PSM of the tailbud.  Currently, the model for the development of 
posterior somites proposes that Wnt3a expressing cells of the presomitic mesoderm 
migrate through the streak and initiate expression of T, which then allows the cells to 
move away from the streak.  T initiates Tbx6 expression, which gives cells their identity 
as mesoderm and helps to pattern somites (Yamaguchi et al., 1999; Hofmann et al., 
2004b). T plays a role in the development of both anterior and posterior somites as 




number of anterior somites ranging from 0-10. TWis being more severe than the T 
homozygous null mutant has no somites (Shedlovsky et al., 1988; Beddington et al., 
1992). Therefore, T may directly regulate Tbx6 expression in the PSM or may just be 
necessary for cell migration while other factors initiate Tbx6 expression.  Tbx6 works to 
maintain mesoderm identity as Tbx6 homozgyous mutants develop ectopic neural tubes 
in place of somites due to ectopic expression of Sox2 in the tailbud (Figure 18A) 
(Takemoto et al., 2011).  Tbx6 also plays a role in somite patterning through its 
regulation of the Notch signaling pathway as well as its regulation of transcription 
factors necessary for somitogenesis, Mesp2, Msgn1 and Ripply2 (White and Chapman, 
2005; Yasuhiko et al., 2006; Wittler et al., 2007; Dunty et al., 2008).  Our work shows 
that the observed Tbx6 homozygous null phenotype is partially due to the down 
regulation of genes necessary for somite development and also points to the fact that 
Tbx6 may be necessary for proper identity of all mesoderm found in the tail bud. Overall 
the roles of T and Tbx6 during somitogenesis supports the idea that T functions 
upstream of Tbx6 (Figure 18A).    
 
T and Tbx6 play different roles in the determination of left/right asymmetry 
T and Tbx6 homozygous mutants have left/right asymmetry defects.  T and Tbx6 
each play a role in node morphological development and perinodal signaling. T 
regulates the morphology of the node and number of cilia of the node while Tbx6 affects 
the development of node cilia morphology (Figure 18B).  Both T and Tbx6 affect the 
expression of perinodally-expressed genes.  Gdf1, Cer2 and Nodal are all expressed in 




indicate either that T is acting as a master regulator of these genes or that there is a 
defect in the formation or specification of the tissue in which they are expressed. Tbx6 
homozygous mutants show decreased expression of Nodal and lack Gdf1 expression in 
the perinodal region.  The node crown morphology is not affected in Tbx6 homozygous 
mutants, which suggests that Tbx6 functions to promote gene transcription of 
perinodally-expressed genes. Both TWis and Tbx6 homozygous mutants have an effect 
on Dll1 expression at E8.0, which may account for the alteration in Nodal expression as 
Notch signaling regulates the perinodal expression of Nodal. T and Tbx6 homozygous 
mutants show a loss of left-right specific gene expression in the LPM, which indicates 
that both are necessary for asymmetric signal transduction from the perinodal region to 
the left LPM.  Also since Tbx6 expression is unaffected in T homozygous null embryos 
at E8.0 the two genes function independently of one another to regulate the expression 
of left/right genes in the perinodal region (Chapman et al., 1996). 
Cells that make up the node arise from the primitive streak during gastrulation.  
In this study we conducted a detailed analysis of the node morphological defects in TWis 
homozygous mutants and in doing so demonstrated that T functions to develop the 
morphology of the node and its cilia.  Our work contributes to the hypothesis that T 
plays a role in gastrulation, similar to Foxa2 and Dll1, by developing structures of the 
midline.  
As previously mentioned, correct determination of left/right asymmetry is 
dependent on an asymmetric signal generated at the node, which leads to asymmetric 
perinodal expression of Nodal on the left.  Its antagonist, Cer2 and its agonist, Gdf1, 




governs the expression of other asymmetrically expressed genes such as Pitx2, which 
leads to asymmetric organogenesis.  In this study we found that Tbx6 and T affect 
multiple steps of the left/right asymmetry determination pathway.  Both genes affect the 
node and regulate perinodal gene expression.  Our investigation provides new insight 
into how T-box genes fit in the transcriptional network that regulates the determination 
of left/right asymmetry.  
 
Future Perspectives 
The dominant negative allele of T, TWis and a homozygous null allele of Tbx6 
affect node development in very different ways.  Further study would focus on 
understanding how these two T-box genes affect the genetic network that regulates 
patterning of the streak stage embryo.  The role Notch signaling plays in early 
embryonic patterning is still unknown.  In zebrafish, Notch signaling regulates the 
formation of endoderm while in Xenopus, it regulates the segregation of the three germ 
layers (Kikuchi et al., 2004; Latimer and Appel, 2006; Revinski et al., 2010).  Regulation 
of Notch signaling by T-box genes occurs during somitogenesis so it is possible that T-
box genes play a role in the development of the early embryo by regulating components 
of the Notch signaling pathway.  
Tbx6 homozygous mutants have several different defects that can each lead to a 
left/right asymmetry phenotype.  Node cilia morphological defects and loss of Gdf1 
perinodal expression each can perturb expression of left/right specific genes in the LPM.  
Whether Tbx6 is directly or indirectly regulating both node cilia morphogenesis and 




It still remains unknown whether T directly regulates expression of Tbx6 during 
somitogenesis. Investigation of the presomitic mesoderm defects of T and Tbx6 
homozygous mutants will contribute to the understanding of the interplay between T and 









Figure 19: Multiple roles of T and Tbx6 during gastrulation and determination of left/right 
asymmetry 
A. Roles of T and Tbx6 during gastrulation.  T affects cell specification and migration of cells of 
the primitive streak while Tbx6 affects cell fate and patterning of somites. B.  Roles of T and 
Tbx6 during left/right asymmetry determination.  T regulates node morphology and cilia number 
while Tbx6 regulates node cilia morphology.  Both T and Tbx6 affect perinodal signaling.  Gene 
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